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Double  Beam  Infrared  Spectrophotometer  Using  Double  PM, 
Triple  Pass,  Double  Monochromator  and  Double 
Pass  Double  Monochromator 

Keiei  Kudo 

fiuHtuU  for  Optical  Reacarch,  Tokyo  Univeraity  of  Kdueation 
(Received  September  15,  1956) 

Abstract 

Double  beam  double  or  triple  pass  infrared  spectrophotometer  using 
Lochester  and  Martin’s  method  and  double  beam  double  monochro  infrared 
spectrophotometer  in  which  each  monochromator  is  of  single  pass  or  fore 
monochromator  is  of  single  pass  and  rear  monochromator  is  of  double  pass 
using  Walsh’s  method  have  been  constructed,  and  the  increase  of  resolu¬ 
tion,  the  scanning  speed  and  the  effect  of  false  radiation  are  examined 
and  discussed. 

These  spectrophotometers  have  higher  resolution  and  faster  scanning 
speed  than  a  common  single  pass  instrument.  But  as  far  as  the  effect  of 
false  radiation  is  concerned,  multiple  pass  spectrophotometer  using  double 
monochromator  exceeds  to  that  using  Lochester  and  Martin’s  method. 

1.  Introduction 

Single  beam  double  or  multiple  pass  infrared  spectophotometer  invented  by 
Walsh*^  shows  liigher  resolution  than  a  single  pass  infrared  spectrophotometer. 
However,  with  such  a  single  beam  type,  spectrum  is  strongly  disturbed  by 
atmospheric  absorption  lines  unless  it  is  operated  in  vaccum.  Therefore, 
spectral  analysis  using  such  a  single  beam  type  is  very  tedious. 

With  a  double  beam  type,  the  atmospheric  lines  have  no  effect,  and  at  the 
same  time  percent  transmission  or  optical  density  of  samples  is  directly  obtain¬ 
ed.  However,  almost  all  double  beam  instruments*)  published  up  to  the  present 
are  of  single  pass,  and  the  author*)  also  reported  about  one  of  these  types. 

An  infrared  spectrophotometer  with  a  higher  resolution,  faster  scanning 
speed  and  smaller  effect  of  false  radiation  than  a  single  pass  instrument  will  be 

1)  A.  Walsh:  Nature  167  (1951)  870. 

N.  S.  Ham,  A.  Walsh  and  J.  B.  Wills:  J.  Opt.  Soc.  Amer.  42  (1952)  496. 

2)  For  example, 

W,  S.  Baird,  H.  M.  O'Bryan,  G.  Ogden  and  D.  Lee:  J.  Opt.  Soc.  Amer.  37 
(1947)  754. 

J.  D.  White  and  M.  D.  Liston:  J.  Opt.  Soc.  Amer.  40  (1950)  29. 

3)  K.  Kudo:  Science  of  Light  4  (1955)  85. 
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more  advantageous  to  spectrochemical  analysts. 

In  order  to  obtain  a  high  resolution,  a  method  to  increase  angular  dispersion 
of  a  prism  must  be  devised  by  all  means.  To  increase  the  scanning  speed,  it  is 
necessary  to  obtain  intensive  optical  signal,  and  to  decrease  or  eliminate  the 
effect  of  false  radiation,  arrangement  of  monochromator  must  be  considered. 

Bechman  IR-4^>,  which  is  a  common  double  monochromator,  is  an  example 
that  solved  these  problems  to  some  extent.  There  has  been  no  systematic  com¬ 
parative  study  on  various  types  of  infrared  spectrophotometer  by  turning  them 
out  by  way  of  experimentation.  The  purpose  of  the  present  work  is  to  examine 
methodically  the  resolution,  scanning  speed  and  the  effect  of  false  radiation  of 
various  double  beam  infrared  spectrophotometers  (some  with  double  monochro¬ 
mator)  in  which  the  prism  is  used  doubly  or  multiply. 

2.  Theoretical  Consideration 

(fi)  Resolution 

If  the  aberration  of  the  optical  system  is  negligible,  resolution  of  infrared 
spectrophotometer  is  determined  by  the  resolving  power  of  the  prism  and  the 
spectral  slit  width  which  is,  in  its  turn,  determined  by  the  focal  length  of  the 
collimator  and  the  angular  dispersion  of  the  prism.  Let  us  consider  the  resolu¬ 
tions  of  spectra  of  one  and  the  same  sample  recorded  under  the  condition  of  a  given 
signal-to-noise  ratio  by  a  single  pass  (w=l)and  a  double  or  multiple  pass(«>2) 
spectrophotometer,  the  latter  with  or  without  a  double  monochronomator  and 
both  with  supposedly  identical  parts  except  the  prism. 

Available  energy  /»(^)  through  the  monochromator  is  proportional  to  the 
square  of  slit  width  Wn^,  transmittance  of  prism  material  T»  (^)  and  the  trans¬ 
mission  through  surfaces  F„  (^)  and  inversely  proportional  to  the  angular  disper¬ 
sion  of  prism  D»(^).  > 

If  the  light  traverses  the  prism  n  times, 

I»^Wn*TnFnlD^  (1) 

where  A.=wA  . 

By  chopping  this  available  energy,  the  detector  produces  a.c.  signals.  The 
signal  is  amplified,  rectified  and  finally  fed  to  the  control  motor,  and  so  is  also 
the  Johnson  noise  in  the  detector.  If  these  spectrophotometers  have  detectors  of 
the  same  characteristics,  the  electromotive  force  of  the  noise  in  detectors  will  be 
definite,  and  to  have  the  same  signal-to-noise  ratio  for  the  spectrophotometers, 

4)  Bechman  infrared  notes.  Vol.  2.  No.  1. 
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In  should  be  equal  to  A,  Hence  from  Expression  (1). 

WnlW^={nT,fylTnFnyi*  (2) 

It  will  be  seen  that  the  ratio  of  the  slit  widths  WnjWx  is  larger  than  v^» 
since  1  in  the  case  of  In  order  to  simplify  calculation,  let 

us  consider  the  minimum  deviation  type.  Since  the  prism  in  Littrow  type  is 
fixed  at  minimum  deviation  at  a  certain  wavelength  >1,  calculation  for  the 
minimum  deviation  type  at  a  wavelength  near  k  is  approximately  correct  for  the 
Littrow  type.  In  such  a  case,  Tn(,k)  is  easily  obtained  from  Strong’s  table‘>, 
and  as  for  Fn{k),  Femell’s  expression  is  used.  Now  taking  a  NaCl  60°  prism 
with  base  length  B=7.5x2cm,  calculated  values  of  WniWx  as  shown  in  Table  I 
are  obtained  from  Expression  (2). 

Table  I.  Calculated  values  of  WJWi  for  the  same  values 
of  signal -to- noise  ratio 


j 

n=2  j 

1 

n=3 

6 

1.53 

2.01 

9 

1.54 

2.07 

12 

1.58 

2,18 

14 

1.69 

2.47 

Table  I  shows  that  the  same  values  of  the  signal-to-noise  ratio  are  not  ob¬ 
tained  unless  WnjWi  is  made  larger  for  longer  wavelength,  for  the  energy  loss 
by  the  absorption  of  prism  increases  with  the  wavelength  and  with  n. 
Geometrical  spectral  width  of  the  slit  d  is 

dn'^WnlDn.  (3) 

From  Expression  (2) 

dn  =  {WnlnWx')dx  (4) 

Resolving  power  J'  of  the  prism  is 

J,' =(!/»)  J,'  (5) 

In  order  to  express  the  resolution  of  infrared  spectrophotometer,  if  Brodersen’s 
expression*>  is  used  and  the  width  of  absorption  line  is  negligible,  a  measure  of 
the  resolution  dv  is 

5)  J.  Strong:  Phys.  Rev.  37  (1931)  1661. 

6)  Svent  Brodersen:  J.  Opt.  Soc.  Amer.  43  (1953)  877, 
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J„'* .  (6) 

In  practice,  Jv  is  the  half  of  wave  number  difference  of  two  closest  adjacent 
lines  to  be  separated. 

From  Expressions  (4)  and  (5), 


Or, 


=n  (8) 


Using  Table  I.  Table  II  is  obtained  from  Expressions  (8). 


Table  II.  for  the  same  values  of  signal -to  noise  ratio. 

V 

n 

'  '-J  .. 

2 

1 

3' 

^  (j*) 

\Case 

'  i 

1 

6 

1.31 

1.55 

2 

1.49 

1.90 

3 

9 

1.30 

1.54 

2 

1.45 

1.85 

3 

12 

1.27 

1.51 

2 

1.39 

1.79 

3 

14 

1.19 

1.45 

2 

1.22 

1.60 

3 

If  absorption  and  reflection  losses  by  the  prism  are  not  considered,  the  re¬ 
solution  will  increase  from  \/  n  to  n  times  on  all  wavelength  regions  as  Walsh^J 
reported.  But  in  practice,  as  shown  in  Table  II,  the  increase  of  resolution  in 
long  wavelength  region  is  considerably  below  i/  n  times  in  the  case  of  Ji »  J/. 
On  the  other  hand,  since  infrared  energy  in  the  long  wavelength  region  is  very 
weak,  condition  Ji  <<!  »s  not  practical.  Therefore,  n  times  is  only  ideal. 
Moreover,  it  is  considered  that  the  resolution  in  longer  wavelength  region  does 
not  increase  as  sTiown  in  Table  II.  In  order  to  obtain  the  same  values  of 
signal -to-noise  ratio  as  in  the  case  of  single  pass,  a  wide  slit  width  as  shown  in 
Table  I  is  necessary.  However,  the  smaller  the  receiving  area,  the  more  sensi¬ 
tive  the  detector.  If  the  slit  is  wide  as  shown  in  Table  I,  image  of  the  slit  may 
protrude  from  the  receiver.  Thus,  full  signal  may  not  be  obtained  in  the  case 
of  2  in  long  wavelength  region.  For  this  reason,  increase  of  n  does  not 

7)  A.  Walsh;  J.  Opt.  Soc.  Amer.  42  (1952)  96. 
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always  mean  increase  of  resolution,  or  furthermore,  spectrum  may  not  be 
recorded  because  of  the  defficiency  of  energy. 

b)  Wavelength  Scanning  Speed 

Wavelength  scanning  speed  for  the  faithful!  recording  of  spectrum  should 
be  decided  under  consideration  of  the  response  time,  form  of  spectrum  and  slit 
width.  Let  us  consider  the  case  of  recording  the  spectrum  of  one  and  the  same 
sample  by  the  single  pass  and  by  the  double  or  multiple  pass.  From  Expression 
(1),  the  available  energy  is  proportional  to  the  square  of  the  slit  width  and  inversely 
proportional  to  the  angular  dispersion.  On  the  other  hand,  the  response  time,  name¬ 
ly,  the  time  in  which  the  pen  travels  from  100^  to  0%  when  the  sample  beam  is 
intercepted,  is  inversely  proportional  to  the  available  energy.  That  is,  the 
smaller  the  response  time  is,  the  faster  the  pen  will  be.  Therefore,  fast  scan¬ 
ning  speed  may  be  used  when  the  available  energy  is  large.  With  any  spectro¬ 
photometers,  to  speed  up  the  scanning  and  at  the  same  time  to  obtain  faithful 
recording,  the  slit  must  be  widened  which  will,  however,  impair  the  resolution. 

In  the  case  of  n  traverses  though  prism,  the  slit  width  for  the  same  resolu¬ 
tion  as  that  with  single  pass  is  n  times.  Therefore,  the  available  energy 
corresponding  to  this  slit  width  is 

.  /,  =  /j(r„F,/r,F,)/,.  (9) 

Thus,  recording  of  spectrum  with  the  same  resolution  as  that  with  single  pass  is 
obtained  by  the  scanning  speed  of  n{TnF»ITifi)  times. 

If  the  available  energies  are  the  same  in  these  instruments  the  scanning 
siieed  also  can  be  the  same,  but  resolution  increases  as  shown  in  Table  II. 

c)  False  Radiation 

The  radiation  from  the  source  enters  monochromator  directly  or  after 
through  the  sample,  and  a  part  of  the  light  which  is  scattered  by  the  surfaces 
of  mirrors  or  prism  enters  the  exit  slit.  Furthermore,  when  the  spectrophoto¬ 
meter  is  set  to  nominal  wavelength,  the  light  of  the  region  of  wavelength  shorter 
than  nominal  takes  complex  optical  paths  in  the  prism  after  the  reflection  by 
Littrow  mirror,  and  Anally  together  with  the  light  of  nominal  wavelength  enters 
the  exit  slit.  The  former  is  the  scattered  light,  the  latter  the  stray  light.  Since 
these  false  radiations  strike  the  detector  together  with  the  radiation  of  nominal 
wavelength,  transmittance  is  different  from  the  true  value.  In  longer  wavelength 
region  where  the  slit  should  be  wide  (in  the  case  of  NaCl  prism,  longer  than  10 /i), 
the  intensity  of  radiation  entering  monochromator  is  considerably  high.  Therefore, 
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at  such  a  wavelength  region  the  effect  of  false  radiation  may  be  expected  not 
negligible.  In  general,  the  longer  the  wavelength,  the  larger  the  effect  of  false 
radiation. 

When  the  spectrophotometer  is  set  to  long  nominal  wavelenth  -to  and  has 
the  slit  width  So .  let  us  assign  the  following  notations  for  the  purpose  of  ex¬ 
amining  the  effect  of  false  radiation. 

Un,  Mo:  light  intensities  of  nominal  wavelength  >io  through  reference  and 
sample  cells. 

Uu  ui\  total  intensities  of  source  radiation  which  enter  monochromator 
after  through  reference  and  sample  cells,  a  few  percent  of  each  of 
these  intensities  plays  the  part  of  scattered  light. 

Uj,  M,:  of  the  light  through  reference  and  sample  cells,  light  intensities  of 
shorter  wavelength  than  ^o— where  ^  is  a  constant.  A  few  per¬ 
cent  of  each  of  these  intensities  plays  the  part  of  stray  light. 

a ,  ^  :  coefficients  of  scattered  and  stray  lights. 

Fig.  1  shows  these  correlations. 


Fig.  1.  Schematic  diagram  showing  the  energy  distributions  of  light 
through  reference  (upper  curve)  and  sample  ceils  (lower  curve)  when 
spectrophotometer  is  set  to  long  nominal  wavelength  io. 


When  the  false  radiation  is  not  present,  transmittance  at  >la  is 

To=uJLIo .  (10) 

However,  if  the  false  radiation  is  present,  the  transmittance  will  be  indicated 
by  .  In  such  a  case,  it  is  obvious  that 
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7'(t7o+a:f/i+^f7,)=Mo+««i+^«i  .  (11) 

In  order  to  be  a  serviceable  instrument,  conditions  of  Uo'^'^  aUi  and 
must  be  satisfied.  Further,  if  we  put 

t*ilUi=Ti  and  UtjUi=Tt ,  (12) 

from  Expression  (11), 

JT={l/lh){aiT,- TM+P{T,-To)U,}  (13) 

which  tells  us  that 

(1)  When  identical  samples  are  placed  in  both  beams,  To=Ti=Ti  =  l.  There¬ 
fore,  JT=0.  That  is,  1009^  line  is  straight  without  the  effect  of  false 
radiation. 

(2)  When  the  sample  beam  is  intercepted,  To=Ti=To=0.  Namely  JT=0. 
This  means  that,  since  the  effect  of  false  radiation  is  absent,  the  pen 
remains  on  0%  line  of  recording  paper. 

(3)  When  the  sample  is  placed  in  the  sample  beam  and  To=0  at  >lo , 

jr,  =  (l/t/o)(aTif/x+^T,f/,)  (14) 

Namely,  the  pen  which  should  move  to  051^  stops  at  100  Since 

U\,  Ut,  Ml  and  mi  are  mostly  governed  by  the  light  energies  of  short 
wavelength  region  from  2  to  6/i,  Ti  and  T,  do  not  change  much  even 
if  LiF  or  CaF,  plate  together  with  the  satnple  is  placed  in  sample  beam. 
Thus,  we  can  experimentally  measure  JTi .  If  LiF  or  CaF,  plate  alone 
is  placed  in  sample  beam,  approximately  Tx=T,=l.  The  result  becomes 

(Jr,)„»x=(l/f7,)(af7i+^17,)  (15) 

is  the  maximum  error  at  0^,  which  is  a  quantity  that  can  be 
measured  experimentally. 

(4)  When  the  sample  is  placed  in  the  sample  beam,  if  To=l  at  ^o-  Then, 

jr„=(i/t/,Ka(r,-i)f/x-i-^(7’,-i)f/,} 

=jr,-(jr,)„«. .  «o)  (16) 

Using  this  expression,  the  error  JT*  at  100%  can  be  made  known. 

(5)  Since  JT  is  inversely  proportional  to  the  light  intensity  f/»  of  wavelength 
/lo  to  which  the  spectrophotometer  is  set,  the  smaller  the  available  energy, 
the  larger  the  effect  of  false  radiation.  This  is  the  reason  that  the  effect 
of  false  radiation  becomes  apparent  in  long  wavelength  region. 

For  the  reason  mentioned  above,  when  false  radiation  is  present,  the  pen 
indicates  lOOiTiJ^  instead  of  true  0%  and  100(1— JT,)%  instead  of  true  100%. 
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Quantities  a  and  0  are  affected  by  optical  arrangement  of  the  instrument,  a  is 
also  affected  by  diaphragms,  blur  of  reflecting  mirrors  and  surfaces  of  prism. 
But  if  full  attention  is  paid  it  can  be  made  a=0. 

When  the  effect  of  false  radiation  is  not  negligible,  wavelength  and  trans¬ 
mittance  of  absorption  line  must  be  corrected.  Since  wavelength  of  absorption 
line  is  shifted  towards  shorter  wavelength  by  the  effect  of  false  radiation,  true 
wavelength  is  determined  by  extrapolation  to  zero  concentration  using  the  result 
of  measurements  for  various  concentrations.  As  seen  from  Fig.  2,  true  trans¬ 
mittance  is  obtained  by  the  following  expression. 

r,=(T-jr,)/{i-(jr,w}  JTl<T^\+rj,  d?) 

where,  {JTi)n»x=^Ti—JTu. 

If  the  absorption  of  the  sample  is  weak,  JTu  is  very  small  and  may  be  ignored. 


Fig.  2.  Effect  of  false  radiation  on  the  true  value  of  per¬ 
cent  transmission. 


When  the  instrument  is  operated  in  a  long  wavelength  region,  in  order  to 
be  free  from  the  correction  mentioned  above,  we  must  decrease  or  eliminate  the 
quantities  Ui,  U,,  Ui  and  Ut  by  iastrumentation.  This  is  done 

(1)  by  excluding  the  light  of  the  shorter  wavelength  region  using  a  filter 
placed  in  common  optical  iiath  of  both  reference  and  sample  beams. 

(2)  by  letting  the  dispersed  light  into  monochromator  using  a  fore  prism. 

Unlike  the  case  with  single  beam  type  instrument,  it  is  difficult  to  chop 

only  the  necessary  light  with  double  or  multiple  pass  type  using  one  monochro¬ 
mator.  Therefore,  when  such  instrument  is  used,  there  is  no  means  other  than 
making  correction  by  calculation  or  using  a  Alter.  As  to  the  effect  of  false  radia¬ 
tion  of  double  beam  double  or  multiple  pass,  it  will  be  dealt  with  later.  The 
use  of  fore  prism  is,  after  all,  the  use  of  double  monochromator.  Although  the 
false  radiation  from  the  first  monochromator  enters  the  second,  it  is  either  re- 
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dispersed  and  does  not  enter  the  exit  slit  or  becomes  so  feeble  by  being  scattered 
so  that  it  can  be  neglected.  As  there  is  no  perfect  filter,  use  of  double  mono¬ 
chromator  is  no  doubt  of  advantage  in  eliminating  the  effect  of  false  radiation. 


S.  Constructed  Infrared  Spectrophotometers 


Fig.  3.  Optical  arrangement  of  double  beam  single  pass  infrared  spectrophoto¬ 
meter.  radiation  source;  Si,  Si,  entrance  and  exit  slits;  P,  Prism;  TC,  detector; 
Ml  (t  =  1 ,  2,  •  •  • ,  10),  plane  or  concave  mirror ;  W,  optical  wedge ;  BM,  control  motor. 


For  the  construction  of  new  spectrophotometers,  components  of  the  previously 
reported  single  pass  double  beam  infrared  spectrophotometer^)  such  as  the  double  * 
beam  system,  the  detector  and  the  electric  system  were  utilized.  Only  the 
monochromator  and  the  rest  of  the  optical  system  were  modified.  The  following 
four  were  constructed  by  way  of  experimentation. 

(a)  Double  beam  double  pass  infrared  spectrophotometer. 

(abbreviation:  DB-DP  infrared  spectrophotometer) 

(b)  Double  beam  triple  pass  infrared  spectrophotometer. 

(abbreviation:  DB-TP  infrared  spectrophotometer) 

(c)  Double  beam  double  monochro  infrared  spectrophotometer  in  which  each 
monochromator  is  of  single  pass. 

(abbreviation:  DB-DM-SS  infrared  spectrophotometer) 

(d)  Double  beam  double  pass  double  monochro  infrared  spectrophotometer  in 
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which  1st  monochromator  is  of  single  pass  and  the  2nd  is  of  double  pass, 
(abbreviation:  DB-DM-SD  infrared  spectrophotometer) 

Since  these  instruments  were  designed  to  be  of  the  same  appearance  as  shown 
in  Fig.  4,  which  is  the  single  pass  type,  all  look  alike.  The  optical  system  was 
modified  and  improved  as  the  construction  progressed  from  one  type  to  another. 
For  later  comparison,  NH3  spectrum  recorded  in  1.8min/;u  by  the  single  pass 
type  is  shown  in  Fig.  5. 


Fig.  4.  Automatic  recording  double  beam  infrared  spectrophotometer. 


NH3  spectrum  recorded  by  double  beam  single  pass  infrared 
spectrophotometer.  Scanning  speed.  1.8  min, >. 


(a)  DB-DP  infrared  spectrophotometer 

As  for  the  DB  DP  in  which  one  prism  is  utilized  twice,  a  few  papers  have 
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been  published*>"'*>.  The  author  also  performed  an  experiment  using  the  optical 
arrangement  as  shown  in  Fig.  6.  The  instrument  with  this  optical  arrangement 
is  free  from  false  radiation  as  Walsh’s  single  beam  type,  but  in  order  to  increase 
the  resolution  in  short  wavelength  region,  windows  of  sample  cell  needed  be 
optically  plane  and  kept  clear  which  is  however  difficult  to  obtain  since  many 
materials  transmitting  infrared  rays  are  hard  to  polish  optically  plane  and  are 
very  susceptible  to  humidity.  Therefore,  the  optical  system  of  Fig.  6  is  un- 


Fig.  6.  An  example  of  optical  arrangement  for  DB-DP  infrared  spectrophotometer. 


suitable  to  infrared  spectrophotometer.  Thus,  an  arrangement  as  shown  in  Fig. 
7  was  adopted. 

The  arrangement  around  the  comer  mirrors  AU  and  Mt  is  that  suggested 
by  Rochester  and  Martin'®>.  Namely,  the  1st  spectrum  is  reflected  towards 
collimator  by  the  corner  mirror  placed  above  the  entrance  slit  jaws. 

Recently  Cole^^  applied  this  method  to  single  beam  double  pass  type  and 
merely  suggested  that  satisfactory  working  of  DB-DP  using  this  method  would 
be  possible.  But,  since  the  DB-DP  type  was  not  actually  constructed,  he  did  not 
go  into  detail.  Therefore,  as  the  first  step  of  the  study,  the  author  constructed 
this  type  and  examined  its  various  performances. 

8)  A.  R.  H.  Cole:  J.  Opt.  Soc.  .^mer.  4S  (1953)  807. 

9)  S.  F.  D.  Orr:  J.  Opt.  Soc.  Amer.  43  (1953)  709. 

10)  J.  Pliva:  Jl.  Sci.  Instrum.  31  (1954)  434. 

11)  The  Perkin  Elmer  Instrument  News  7  No.  3  (1956)  7. 

12)  K.  Kudo:  Science  of  Light  5  (1956)  1. 

13)  J.  C.  O.  Rochester  and  A.  E.  Martin:  Nature  168  (1951)  785. 


Fig.  7.  Optical  arrangement  of  Z)B-Z)P  inf rared  spectrophotometer.  Corner  mirrors 
and  A/«  are  placed  below  the  slit. 

The  arrangement  in  Fig.  7  is  easily  converted  from  that  of  Fig.  3  by  the 
following  method.  Namely,  the  corner  mirrors  are  placed  above  or  below  the 
entrance  slit,  and  next,  Littrow  mirror  or  collimator  or  both  are  tilted  slightly 
so  that  the  1st  spectrum  strikes  the  corner  mirrors.  The  corner  mirrors  are 
also  tilted  slightly  so  that  the  reflected  1st  spectrum  is  projected  on  the  full  sur¬ 
face  of  the  prism. 

In  general,  the  image  of  the  straight  entrance  slit  formed  by  the  1st  mo  no 
chromator  (single  pass)  is  paraboloidal.  If  the  image  of  the  center  of  the  slit  is 
shifted  below  the  slit  by  the  slit  length,  it  will  be  approximately  on  the  parabola 
while  the  rest  of  the  image  is  not.  However,  if  the  angle  which  the  slit  sub¬ 
tends  at  the  center  of  collimator  is  small,  the  curvature  of  the  image  will  be 
nearly  equal  to  that  in  single  beam  double  pass  type.  This  can  be  made  clear 
by  calculation.  In  the  present  case,  difference  of  slit  curvatures  in  DB-DP 
and  single  beam  double  pass  types  could  not  be  found. 

However,  since  the  upper  side  of  entrance  slit  corresponds  to  the  lower  side 
of  image  and  vice  versa,  aberration  of  image  becomes  large  in  proportion  to  the 
distance  from  the  center  of  entrance  slit. 

If  a  curved  entrance  slit  is  used,  the  image  formed  by  the  1st  monochro¬ 
mator  is  approximately  straight  even  at  green  light,  and  tilted  to  the  principal 
plane  of  prism  as  seen  from  Fig.  8  (a).  So,  the  resolution  does  not  increase 
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Fig.  8(a).  Arrangement  of  slits  iS’i,  St  and  comer  mirror  Af*,  Mt 
viewed  from  collimating  mirror. 


Fig.  8  (b).  Side  view  of  comer  mirror.  In  order  to  form  the  image 
of  slit  below  the  slit,  Littrow  mirror  Af;  must  be  tilted  slightly. 


unless  the  image  by  the  2nd  monochromator  is  made  parallel  to  exit  slit  by 
tilting  corner  mirrors.  Next,  9s  seen  from  Fig.  8  (b),  the  image  by  the  1st 
monochromator  is  formed  at  focal  plane  of  the  collimator.  Therefore,  in  order 
to  maximize  the  energy  of  light  for  the  2nd  spectrum,  comer  mirror  should  be 
tilted  slightly  upward.  These  adjustments  are  easily  performed  by  watching  the 
reflecting  light  at  the  surface  of  the  prism. 

Figs.  9  to  12  are  spectra  recorded  by  this  instrument.  Fig.  9  is  the  spectrum 
of  polystyrene  film  recorded  with  scanning  speed  0.9min//i,  the  resolution  near 
3.3  fx  is  worthy  of  note.  Fig.  10  is  NHj  spectrum  recorded  with  1.8  min/zi,  the 
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resolution  is  better  in  comijarison  with  Fig.  5.  Fig.  11  is  NHs  10.5  /t  band 
recorded  with  5  min///  and  with  a  small  signal-to-noise  ratio.  The  resolution  is 
between  and  Ji  of  Table  II.  Such  a  resolution  is  difficult  to  obtain 

by  single  pass  instrument.  Rayleigh  limit  at  10  //  in  this  instrument  is  about 
0.5  cm-*.  Fig.  12  is  6  //  band  of  atmospheric  water  vapor  recorded  by  single 
beam  working.  This  spectrum  shows  the  same  resolution  as  that  of  the  single 
beam  double  pass  type'***®\ 

Although  DB-DP  infrared  spectrophotometer  using  Rochester  and  Martin’s 
arrangement  is  poor  in  aberration,  it  will  be  seen  that  the  resolution  increases 
for  the  reason  that  the  wide  angular  dispersion  more  than  compensate  for  the 
large  aberration. 

Since  this  instrument  is  different,  in  principle,  from  Walsh’s  double  pass  type. 


Fig.  9.  Spectrum  of  polystyrene  film  recorded  by  DB-DP  Infrared 
spectrophotometer.  Scanning  speed;  0.9min';i. 


Fig.  10.  NHs  spectrum  recorded  by  DB-DP  infrared  spectrophotometer. 
Scanning  speed;  1.8min/'.u. 


14)  K.  Kudo  and  T.  Miyazaki;  J.  of  Applied  Physics.  Japan.  24  (195.S)  461. 

15)  A.  Walsh:  J.  Opt.  Soc.  Amer.  42  (1952)  96. 
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Fig.  11.  NHi  10.5/4  band  recorded  by  DB -DP  inf rared  spectrophotometer. 
Scanning  speed;  5min/<i. 


S  7 

Fig.  12.  6/4  band  of  atmospheric  water  vapor 
recorded  by  single  beam  working. 


the  effect  of  false  radiation  is  surely  present.  Even  if  the  signal-to-noise  ratio 
equals  to  that  of  the  single  pass  type,  the  slit  width  is  1.7  times  of  the  latter 
at  14  fi.  Therefore,  radiation  energy  that  enters  monochromator  is  1.7*  times 
and  the  effect  of  false  radiation  is  expected  to  be  about  3  times.  Actually,  this 
effect  was  about  1%  and  165!^  at  14  and  15^  respectively.  By  using  a  filter, 
this  effect  was  weakened  to  about  at  15  n. 

(b)  DB-TP  Infrared  Spectrophotometer 

Cole  mentioned  that  Rochester  and  Martin’s  principle  could  not  be  used  for 
multiple  pass,  but  it  is  not  always  impossible.  If  the  three  mirrors  M',  M"  and 
M"'  as  shown  in  Figs.  13  and  14  are  added  to  Fig.  7,  triple  pass  can  be  realized. 
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Fig.  13.  Optical  arrangement  of  DB-TP  infrared  spectrophotometer. 
By  three  mirrors  M',  M”,  M'"  2nd  spectrum  is  reflected  towards  collimator. 


btiu  apex 


Fig.  14.  Schematic  diagram  showing  the  arrangement  of  slits  Si, 

S,,  corner  mirrors  Afg,  Af«  and  attachment  mirrors  AT  and  ill"'. 

Namely,  the  2nd  spectrum  is  reflected  by  the  small  plane  mirror  AT  towards 
the  spherical  mirror  Af'  which  projects  the  spectrum  to  the  plane  mirror  M'" 
positioned  at  the  same  height  as  the  corner  mirrors  and  AT"  reflects  this  light 
towards  the  collimator.  It  this  case,  the  area  of  reflecting  surface  of  the  comer 
mirror  Alt  must  be  restricted  so  as  to  avoid  the  overlapping  of  the  order  of 
spectra. 

Quadruple  pass  would  be  realized  by  the  application  of  this  method,  but  it 
is  very  difficult  to  adjust  even  the  triple  pass,  moreover  the  aberration  will  be 
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Fig.  15.  NHi  spectrum  recorded  by  DB-TP  infrared  spectrophotometer. 

Scanning  speed  1.8min//<. 

large.  So  it  will  be  useless  to  attempt  the  construction. 

Fig.  15  is  NHs  spectrum  recorded  by  the  DB-TP  without  full  adjustment. 
The  resolution  is  surely  better  than  that  of  DB-DP.  But  the  effect  of  false 
radiation,  which  was  expected  to  be  about  9  times  of  that  in  single  pass  types, 
was  found  quite  considerable. 

(c)  DB-DM-SS  Infrared  Spectrophotometer 


Double  beam  infrared  spectrophotometer  using  double  monochromator  as 


Fig.  16.  Optical  arrangement  of  DB-DM-SS  infrared  spectrophotometer.  Plane 
mirrons  Mt,  Mj,  slit  jaws  <Si,  St,  and  2nd  monochromator  which  includes  collimator 
Mic,  Prism  Pj  and  Littrow  mirror  ilfio  are  supplemented  to  double  beam  single  pass 
infrared  spectrophotometer. 
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shown  in  Fig.  16  was  developed  from  the  arrangement  given  in  Fig.  3  by  ex¬ 
changing  the  slit  jaws,  adding  two  mirrors  and  2nd  monochromator.  In  this 
instrument,  width  of  entrance  slit  Si  equals  to  that  of  the  exit  slit  Ss,  but  the 
middle  slit  Si  is  wider. 

Figs.  17  and  18  which  correspond  to  Figs.  10  and  11  of  DB-DP,  are  NHj 
spectra  recorded  by  this  instrument  with  almost  the  same  resolution  and  scan¬ 
ning  speed  as  those  of  the  double  pass  type. 

Drawback  of  the  instrument  using  double  monochromator  is  to  use  two 
prisms.  This  is  expensive,  and  moreover  the  exchange  of  prisms  is  difficult. 
But,  as  mentioned  previously,  the  false  radiation  is  not  pu'esent.  Therefore,  in 
order  to  realize  a  double  beam  multiple  pass,  no  other  methods  are  conceivable 
than  employing  double  monochromator. 


Fig.  18.  NHz  10.5  ft  band  recorded  by  DB-DM-SS  infrared  spectrophotometer. 
Scanning  speed;  5min//i. 


(d)  DB-DM-SD  Infrared  Spectrophotometer 

It  is  easy  to  construct  multiple  pass  by  means  of  double  monochromator. 
Namely,  only  the  1st  order  radiation  in  the  1st  monochromator  enters  the  2nd 
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monochrometer,  in  which  multiple  pass  of  Walsh  type  is  applied.  As  an  example, 
Fig.  19  is  an  optical  arrangement  in  which  the  2nd  monochromator  is  made 
double  pass. 


Fig.  19.  Using  double  monochromator,  multiple  pass  is  easily  constructed. 

This  arrangement  shows  double  pass  in  the  second  monochromater. 

If  the  radiation  is  dispersed  n  times  by  the  prism  P,  and  if  the  width  of  the 
slit  Sj  is  5t,  the  distance  between  S,  and  St  should  be  more  than  (3»— l)2"-*s, 
otherwise,  spectra  of  different  orders  will  be  overlapped. 

If  the  2nd  monochromator  is  made  double  pass,  the  available  energy  in  long 
wavelength  region  will  be  very  weak  for  the  reason  mentioned  previously. 
Thus,  with  ’NaCl  prisms,  the  reproducibility  in  the  wavelength  region  longer 
than  14.5 /i  was  not  satisfactory.  This  will  be  improved  by  using  KBr  prisms. 


Fig.  20.  NHi  spectrum  recorded  by  DB-DM-SD  infrared  spectrophotometer. 

Scanning  speed;  1.8min//<. 

Fig.  20  is  NHs  spectrum  recorded  by  this  instrument.  Increase  of  resolution 
is  obvious  in  comparison  with  Fig.  17.  Fig.  21  is  a  part  of  NHs  10.5 band 
recorded  in  5  min///.  With  low  vapor  pressure  of  NHs  in  sample  cell  of  Fig. 
21  (a),  spectrum  as  show  in  Fig.  21  (b)  was  obtained.  As  seen  from  these 
figures,  despite  the  recording  speed  is  not  slow,  fine  structures  are  clearly 
recorded.  If  narrower  slit  and  slower  scanning  speed  are  used,  still  better 
resolution  will  be  obtained.  In  this  type,  it  is  natural  that  false  radiation  is  not 
present.' 


10  II  to  II 

m/ELENGTH  ( )  m/ELENOTH  ( fj ) 

Fig.  21  (a).  NH3  spectrum  between  9.8  Fig.  21  (b).  If  vapor  pressure  of  NHa 

and  11.5 recorded  by  DB-DM-SD  infrared  in  sample  cell  of  Fig.  20(a)  is  made  low, 
spectrophotometer.  spectrum  as  shown  above  is  obtained.  This 

Scanning  speed;  5  min/ti.  spectrum  was  recorded  at  scanning  speed  5 

min  I II. 

Conclnsion 

For  increasing  the  resolution  and  shortening  the  recording  time,  any  of  the 
above  methods  can  be  used.  But,  as  regards  the  false  radiation,  it  is  inherent 
in  double  or  multiple  pass  type  and  can  not  be  eliminated.  To  weaken  its  effect, 
filters  (transmission  or  reflection)  have  to  be  used.  However,  there  is  no  perfect 
filter  without  the  loss  of  energy  to  nominal  wavelength  and  any  attempt  to  render 
the  false  radiation  negligible  will  inevitably  weaken  the  available  energy.  And 
again,  widening  of  slit  to  augment  the  energy  lowers  the  resolution.  From  this 
reason,  DB-DP,  which  has  comparatively  small  effect  of  false  radiation,  can  be  a 
practical  instrument  but  not  DB-TP. 

In  the  case  of  double  monochromator,  since  the  1st  monochromator  is  an 
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ideal  filter,  multiple  pass  can  be  constructed  without  false  radiation  and  it  will 
be  an  ideal  instrument  as  infrared  spectroi^otometer. 
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Abstract 

Ruling  of  grating  on  a  non-metalic  surface  is  described.  Gratings  that 
are  ruled  on  surfaces  other  than  those  of  metals  can  be  made  bright  by 
vacuum  evaporation  method.  Using  Ash  glue  for  photographic  printing 
affixed  on  glass,  a  bright  grating  is  obtained.  When  this  grating  is  used  as 
transmission  grating,  zero  order  is  scarcely  seen.  It  can  be  used  as  a 
focusing  glass.  Replicas  are  obtained. 

1.  Introduction 

For  making  a  bright  grating,  control  of  the  shape  of  groove  is  essenciaU  but 
in  practice,  it  is  by  no  means  easy.  Among  the  shapes  of  groove,  echelette  is 
practical  and  suited  for  concentration  of  energy*^  But  even  this  simplest  form 
is  not  easy  to  be  cut  in  an  ideal  form.  Polishing  of  the  diamond  edge  and  selec¬ 
tion  of  the  grating  material  are  also  necessary  for  good  grooves  to  be  ruled. 

As  for  the  material,  speculum  metal  has  commonly  been  used.  But  the 

metal  is  hard  and  brittle,  and  good  bright  gratings  are  made  only  when  a  good 

diamond  edge  is  found  by  sheer  chance.  However,  bright  gratings  are  now 

made  on  thickly  vacuum  evaporated  aluminium  film  with  a  well  polished  diamond 

edge*\  Here  again,  another  problem  is  the  art  of  polishing.  For  ruling  for  far 

infrared,  polishing  of  diamond  edge  presents  no  great  difficulty.  But  when  it 

0 

comes  to  the  material,  soft  metal  such  as  copper  requires  special  attention.  Re¬ 
cently,  a  very  soft  metal,  an  alloy  of  lead  and  tin,  is  being  used  with  unpolished 
surface  on  which  the  ruling  is  made  by  keeping  the  diamond  edge  at  a  fixed 
height*>.  This  technique  is  so  far  favorable  for  wide  spaced  ruling  such  as  on 
far  infrared  grating  but  for  ordinary  ones  success  is  doubtful. 

Lately,  the  writer  was  asked  to  make  a  grating  of  180-200  lines/mm,  very 
weak  in  zero  order  and  very  strong  in  the  first  order  spectrum  on  one  side. 

1)  H.  A.  Rowland:  Phil.  Mag.  35  (1893)  397. 

2)  R.  W.  Wood:  J.  Opt.  Soc.  Amer.  34  (1944)  509. 

3)  Private  communication  from  Prof.  H.  Yoshinaga. 


no 


An  Example  of  Making  a  Bright  Grating  and  Its  Application  111 

Since  there  was  a  difficulty  in  preparing  aluminium  film  which  is  thick  enough 
for  this  purpose,  a  non-metal  surface  was  tried. 

2.  Ruling 

Good  grooves  can  be  ruled  not  by  cutting  but  by  deforming.  Therefore 
speculum  metal  is  recently  replaced  by  evaporated  aluminium  film  on  glass.  As 
the  ruled  surface  can  be  later  metal  evaporated,  any  non-metal  surface  is  ex¬ 
pected  to  be  used  for  the  purpose.  After  repeated  tests,  fish  glue  for  photographic 
printing  was  foimd  to  meet  the  requirements. 

The  composition  of  the  glue  is  as  follows: 

Ammonium  dichromate  1  g 
Fish  glue  10  c.c. 

Water  20  c.c. 

The  solution  after  filtration  is  left  standing  for  3-4  days,  then  poured  evenly  on 
a  clean  glass  plate  which  is  rotated  to  remove  excess  glue  by  the  centrifugal 
force.  The  plate  is  then  dried  on  a  heater.  The  film  becomes  stronger  by  being 
exposed  to  the  sun  for  approximately  ten  minutes.  If  the  solution  is  used  im- 
mediatly  after  the  preparation,  a  film  can  be  made  so  thin  that  the  interference 
colour  becomes  observable,  but  the  film  is  preferred  not  too  thin  for  the  present 
purpose.  The  polishing  of  the  diamond  edge  was  undertaken  by  the  Tokyo 
Diamond  Co.  where  diamond  points  for  the  use  of  micro  hardness  tester  are  be¬ 
ing  made. 


OtA  Ijt  InL 


Fig.  1. 

Gratings  of  180-240  lines/mm  were  made.  The  intensity  distribution  by  one 
of  them  used  as  transmission  grating  is  illustrated  in  Fig.  1.  The  weakness  of 
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zero  order  is  apparent.  Fig.  2  is  a  photograph  of  a  line  taken  direct  (top  half) 
and  through  the  grating  (bottom  half),  the  line  being  placed  close  to  the  grating. 
The  zero  order  line,  which  should  ^  |  /  y 

be  the  continuation  of  the  line 
seen  at  the  top,  is  hardly  per¬ 
ceptible. 

The  same  is  the  case  of  a  line 
formed  as  an  image  by  a  lens.  As 
shown  in  Fig.  3,  the  image  is  shift¬ 
ed  right  or  left  according  as  the 
grating  is  placed  inside  or  outside 
the  focus.  Thus  a  focusing  glass 
can  be  made  by  using  the  grating 
as  its  bottom  half^\  The  position 
of  the  grating  where  the  images 

at  top  and  bottom  join  in  one  ^ 

straight  line  is  the  focal  plane. 

It  is  also  possible  to  obtain  replicas  from  the  grating  after  aluminizing  the  sur¬ 
face. 

~  ■  3.  Conclusion 

As  fish  gule  is  soft  and  can  easily  be  deformed,  it  is  not  only  convenient  for 
making  bright  grating  but  also  assures  the  durability  of  diamond  edge.  Only 
disadvantage  is  that  it  is  difficult,  if  not  impossible,  to  obtain  a  perfectly  flat 
surface.  Therefore  gratings  for  reflection  use  have  not  yet  been  successfully 
produced.  Acquisition  of  the  flatness  of  surface  is  to  be  left  for  a  future  study. 

Writer  wishes  to  express  his  appreciation  to  Canon  Camera  Co.  for  their 
kind  assistance.  > 


4)  Patent  (Japan)  No.  30-9474. 
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Abstract 

In  the  previous  paper  the  method  and  the  technique  of  the  production 
of  replica  gratings  by  the  evaporation  method  are  reported.  Present  paper 
is  the  report  on  the  test  of  the  replica  gratings  by  interferometric  method 
and  the  energy  distribution  of  diffracted  light  of  various  orders. 

1.  Introduction 

Recently  there  is  a  great  demand  for  diffraction  grating  as  an  optical  equip¬ 
ment,  but  as  the  technique  of  its  production  involves  high  precision,  the  gratings 
are  expensive.  To  make  it  inexpensive,  there  is  the  prospect  of  producing  rep¬ 
lica  gratings  in  large  quantities  for  which  several  methods  have  been  reported 
in  the  last  fifty  years,  but  detailed  account  for  making  good  replica  gratings  has 
not  so  far  been  made  known.  The  evaporation  method  was  studied  by  the  au¬ 
thors  and  the  precise  account  of  the  method  was  published  as  Part  The  out¬ 
line  of  the  method  is  as  follows. 

The  original  grating  is  at  first  coated  with  aluminum  film  by  evaporation, 
then  cemented  to  a  glass  plate  using  artificial  resin.  When  polymerization  is 
completed  the  glass  plate  is  removed  from  the  grating.  As  the  aluminum  film 
sticks  to  the  glass  plate,  its  surface  can  be  used  as  grating.  To  produce  a  con¬ 
cave  replica  grating,  in  the  first  place  a  convex  replica  grating  is  made,  which 
is  then  used  as  a  mother  grating  for  the  concave  replica  grating. 

Present  paper  is  a  report  on  the  results  of  tests  of  the  replica  gratings  pro¬ 
duced  by  the  above  method. 

2.  Test  by  Twyman-Green  Interferometer 

The  most  popular  method  of  testing  a  diffraction  grating  is  to  take  photo¬ 
graphs  of  spectral  lines  and  measure  the  resolving  power  of  the  grating.  Al¬ 
though  this  method  can  be  carried  out  without  any  special  apparatus,  it  is  very 
difficult  to  tell  where  the  imperfection  is  located  and  how  it  appears. 

1)  M.  Seya  and  K.  Goto:  Science  of  Light  5  (1956)  2. 
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In  the  previous  paper,  results  of  observation  by  photographic  method  are 
given.  But,  since  the  difference  in  spectra  taken  with  an  original  and  replica 
gratings  is  not  discernible  on  photographs,  interferometric  method  using  Twyman- 
Green  interferometer  was  adopted  for  the  comparison.  Although  this  method  is 
not  new*^  its  details  were  recently  described  at  length  by  G.  Stroke*^  In  Fig. 
1,  C  is  a  collimater  lens  and  I  is  a  pinhole.  The  pinhole  is  illuminated  by  green 
light  (5461A)  of  a  mercury  lamp  filtered  by  interference  filter.  The  light  which 
comes  out  of  the  collimater  lens  is  perfectly  parallel.  P  is  a  half  silvered  plane 
parallel  plate,  R  is  a  plane  reference  mirror  and  G  is  a  grating.  The  direction 
of  the  grooves  is  set  vertical.  S  is  a  convex  lens  and  L  is  a  camera  which  is 
focussed  on  the  grating  surface. 

In  the  first  place  the  grat¬ 
ing  surface  is  set  perpendicular- 
I  ly  to  the  direction  yy'.  If  the 

grating  surface  is  perfectly  flat, 
\  I  ?  I  ^  there  will  be  observed  equal 

- ^ - 4^ - fl - 1 — ) — thickness  fringes  on  the  surface 

I  •  I  of  the  grating,  and  all  of  the 

S  fringes  will  be  straight,  paral- 

I  lei  and  equally  spaced.  But  if 

the  grating  surface  is  not  good, 
ly  the  fringes  will  be  curved  and 

I  appear  in  various  patterns.  In 

,  this  case  irregularities  of  the 

Fig.  1 

grooves  have  no  effect. 

In  the  second  place  the  grating  is  so  set  that  the  first  order  of  green  light 
diffracts  to  the  direction  of  yy'.  In  this  case  the  anomaly  of  the  interference 
fringes  show  the  existence  of  defect  in  the  wave  surface  of  the  diffracted  light 
and  this  defect  is  caused  by  imperfection  of  the  grating  surface  and  irregularities 
of  the  ruling.  If  the  flatness  is  perfect  and  ruling  is  also  perfect,  there  will  ap¬ 
pear  straight  and  equally  spaced  fringes.  Fig.  2  is  the  first  order  fringes  of  the 
original  grating,  and  Figs.  3  and  4  are  the  zero  and  the  first  order  fringes  of  a 
replica  grating. 

The  size  of  the  gratings  is  50x35  mm  and  the  number  of  grooves  is  about 
600/mm.  The  fringes  of  the  replica  are  a  little  worse  than  those  of  the  original 
and  further  efforts  are  being  made  for  the  improvement. 

2)  C.  Candler:  Modern  Interferometers.  Hilger  and  Watts  (1951)  p.  151. 

3)  G.  Stroke:  J.  Opt.  Soc.  Amer.  45  (1955)  30. 
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Fig.  4 


8.  Test  by  Intensity  Distribution 

The  interferometric  method  can  tell  nothing  about  the  groove  form.  As  the 
intensity  distribution  of  diffracted  light  is  affected  by  the  groove  form,  the  for¬ 
mer  was  measured  to  examine  whether  the  groove  form  of  the  original  is  truely 
reproduced.  ‘  ’ 

The  intensity  distribution  was  measured  by  the  following  method.  In  Fig. 
5,  C  is  a  collimator  lens.  The  slit  Si  is  illuminated  by  green  light  of  a  mercury 
lamp.  G  is  the  grating,  L  is  a  lens  and  M  is  a  photomultiplier  tube.  In  the 
measurement  the  multiplier  tube  was  moved  to  and  fro  to  obtain  maximum  res¬ 
ponse.  S'  is  a  sector  to  change  D.C.  photo-current  to  A.C.  current. 

The  incidence  angles  were  0  and  15  degrees.  In  the  first  place  the  intensities 
of  the  0th,  1st,  2nd  and  the  3rd  order  spectra  which  appeared  at  one  side  of  the 
grating  normal  were  measured.  In  the  case  of  normal  incidence,  the  intensity 
of  zero  order  can  not  be  measured.  Then  the  grating  was  rotated  by  180°  around 
the  grating  normal  and  the  measurements  were  repeated.  At  normal  incidence. 
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Fig.  5 


the  rotation  of  the  grating  makes  the  measurements  be  performed  on  both  sides 
of  the  grating  normal.  Fig.  6  (a)  shows  the  energy  distribution  at  normal  in¬ 
cidence,  the  abscissa  being  the  order  number  of  spectral  lines  and  the  ordinate 
the  reading  of  photo-current. 


Oripnal  No.  4 


3  X  t  0  /  Z  3  3  z  t  o  I  z  3 


No.  I  No.  7 


3  z  t  o  !  2  3  3  z  I  0  I  z  3 


No.Z  No.  10 


3  z  /  o  I  z  3  3  z  t  o  I  z  3 


Fig.  6  (a).  Normal  incidence 

Nos.  1,  4,  7  and  10  are  the  first  replicas  and  No.  2  the  second  the  mother 
of  which  is  No.  1.  All  of  the  first  replicas  were  made  from  the  same  original 
grating  which  was  ruled  on  speculum  metal.  The  original  seems  slightly  asym¬ 
metric  and  the  second  order  of  the  green  light  is  the  strongest.  There  are  some 
differences  in  the  energy  distributions  among  the  first  replicas  which  are  due 
probably  to  the  different  conditions  under  which  the  polymerization  of  resin  pro¬ 
gressed.  '  But  the  general  feature  of  the  distribution  is  nearly  the  same  with  the 
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original  and  the  reproduction  of  the  groove  form  can  be  said  as  fairly  satisfactory. 

Another  measurement  was  made  at  15°  incidence  to  examine  the  energy 
distribution  of  zero  order  spectrum.  The  rotation  of  the  grating  no  longer  had 
the  import  that  was  in  the  case  of  the  normal  incidence.  Fig.  6  (b)  shows  the 
result. 


Three  observations  on  the  left  half  and  the  other  three  on  the  right  in  each 
figure  were  made  before  and  after  the  rotation  respectively.  The  general  fea¬ 
ture  is  the  same  with  the  original  except  that  the  replicas  give  stronger  intensity. 
This  may  probably  be  due  to  the  difference  in  reflective  powers  of  speculum  and 
j  aluminum,  but  because  of  its  conspicuous  magnitude,  some  other  causes  are  sug¬ 

gested. 


4.  The  Aging  of  Replica  Grating 

It  is  still  too  early  to  refer  to  the  question  of  aging,  for  even  the  oldest  re¬ 
plica  is  only  eight  months  old,  during  which  period  no  change  has  been  noticed. 
Detection  of  the  effect,  if  any,  will  need  a  long  time  of  observation. 
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Abstract 

The  energy  distribution  formula  of  diffracted  light  from  plane  gratings 
is  derived  and  numerical  calculations  on  several  cases  are  carried  out.  The 
results  and  the  calculations  of  Stumm  and  Whalen')  are  compared. 

I.  Introduction 

The  relations  between  the  energy  distribution  of  diffracted  light  and  the 
groove  form  of  plane  gratings  have  been  studied  theoretically  and  experimentally 
by  many  investigators. 

In  1893,  Rowland*)  published  papers  in  which  he  discussed  theoretically  the 
energy  distribution  of  diffracted  light  from  gratings  of  various  groove  forms. 
In  1946  Stamm  and  Whalen')  carried  out  voluminous  numerical  calculations  on 
the  energy  distribution  using  a  formula  for  triangular  grooves  which  was  derived 
by  Rowland.  Rowland’s  work  had  some  misprints  and  miscalculations  and  Stamm 
and  Whalen  revised  the  formula  only  by  correcting  the  misprints.  It  is  therefore 
hard  to  judge  to  what  extent  their  results  are  valid. 

Concerning  Rowland’s  miscalculaticms,  Friedl  and  Hartenstein*),  in  1955,  pointed 
them  out.  But  their  corrected  formula  is  too  complicated  for  numerical  calcula¬ 
tions. 

Recently,  revision  of  the  calculation  was  again  taken  up  by  Hatcher  and* 
Rohrbaugh*)  who  derived  a  simple  formula  following  Rowland’s  method.  They 
also  derived  more  precise  formula  using  Kirchhoff’s  principle,  but  their  calcula¬ 
tions  still  involved  some  errors. 

In  this  work,  corrected  and  simplified  formulae  are  derived  by  Rowland’s 
method  and  by  Kirchhoff’s  principle  and  numerical  calculations  are  made  for 
gratings  of  several  types  of  triangular  groove  form. 

1)  R.  F.  Stamm  and  J.  J.  Whalen:  J.  Opt.  Soc.  Amer.  36  (1946)  2. 

2)  H.  A.  Rowland:  Phil.  Mag.  (5)  35  (1893)  397. 

3)  W.  Friedl  and  B.  Hartenstein:  J.  Opt.  Soc.  Amer.  45  (1955)  398. 

4)  R.  D.  Hatcher  and  J.  H.  Rohrbaugh:  J.  Opt.  Soc.  Amer.  46  (1956)  104. 
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II.  Deriration  of  Rowland’s  Formula 

Rowland  derived  his  formula  considering  only  the  phase  difference  of  dif¬ 
fracted  light  from  every  point  of  the  surface  of  the  groove  neglecting  the  inclina¬ 
tion  factor.  Rowland’s  formula  is  read  as  follows. 

j.-l/(r-fc*)(l+c'»)  nu{n-cl)  n{a-u)ifx+c' X) 

X cos  y  . (  1  ) 

where  (see  Fig.  1): 

a,  the  grating  constant. 

/,  the  wavelength  of  light. 

N,  the  order  of  spectrum  (positive  if  on  the  side  of  zero  order  as  incident 
beam,  otherwise  negative). 

O,  the  angle  of  incidence  (always  positive). 

<l>,  the  angle  of  diffraction  (positive  if  on  the  side  of  grating  normal  as  0, 
otherwise  negative). 

_  M,  =  sin  0 -1- sin  0=iV//a. 

A,  =cos0-fcos0. 

c,  the  slope  of  one  side  of  the  triangular  groove,  this  side  being  expressed 
by  the  equation  x=—cy  (c  is  positive), 
c',  the  slope  of  the  other  side,  this  side  being  expressed  by  the  equation 
x=c'(y—o)  ic'  is  positive). 

u,  the  value  of  y  at  the  intersection  of  the  two  sides. 


But,  according  to  the  authors’  calculations  this  formula  should  be  corrected 
as  follows: 
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+2v31±P±0  ,i„  "“("-'■Osin 

{n—cXt,ix-\-c' X)  I  I 

xcos  ^  [(;i+c'^)(a— «)+«(/i— c^)]!  . (2) 

Using  the  next  relation, 

7r(a- «)(>« +c' X)  c^) _ .  2  j 


(2)  is  reduced  to  a  simple  form 

»r  o;«  ^SfL-^T^  VYV(^  _vT+?* 
M.  t  JLi;=w“  ^+cT 


. (4) 


(4)  becomes  indeterminate  when  n=cX  or  fi  =  —c’X.  In  these  cases  (4)  reduces 


to 


;r*«*(H-c*)  for  ^=C/l  . (5) 

and 

7r*(a-«)*(l+c'*)  for  ti=-c'X  . (6) 


•  Formulae  (5)  and  (6)  correspond  to  the  blazed  directions. 


III.  Derivation  by  Kirchholf’s  Principie 

Hatcher  and  Rohrbaugh  derived  the  intensity  distribution  formula  based  on 
Kirchhoff’s  principle,  which  is  as  follows: 


sin>  +  !■>-«'?  ,i„.  "(<.=«Xp+c’4) 

((//— c^)*  /  (/t+c'^)*  / 

I  ^{X+^c){X-uc')  .  nu{ti-cX)  .  n{,a-u){ti+c'X)  na/i ) 

+7>u-C4lX/i+c'-l)  /  sm  ^  cos  ^  J 


In  the  same  way  as  performed  on  Rowland’s  formula,  (7)  is  reduced  to  a 
simple  form 


/*|^sin 


nu(fi—cX)~frX-\-cj^  X—c’pi 


J  \_fi—cX 


nu{fi—cX)~K  (A*+^*Xg+cO  T 

/  JL(/‘-c-lX/i+c'iT_ 


In  the  blazed  directions,  this  becomes 


(8) 


7t*u\X+fju:)* = 7r*«*;Xl +c*)* 


for  M=cX  . (9) 


(10) 


7r*(a-«)»(4l-/icO*=7r*(«-«)*/lXl+c'*)*  for  /i=-c’X 
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As  the  ratio  of  Rowland’s  formula  (4)  and  Kirchhoff’s  formula  (8),  we  obtain 


.(11) 


t 

rco8C*+'^+ 

fi—cX 

_(l+c*Xl-l-c'*)  x+z' 

V  2  2  / 

_  {ji—cX){ji-\-c' X) 

(c+c')*  2 

L  T  J 

where  tan%=c,  tanx'=c'. 

The  ratio  (11)  shows  that  in  the  case  of  c=c'  and  normal  incidence,  (4)  and 
(8)  give  the  same  intensity  distribution  and  in  other  cases  more  or  less  different 
distributions. 


IV.  Numerical  Calculations  on  Several  Examples 
Recalculations  were  carried  out  using  several  types  of  triangular  grooves, 
which  had  been  treated  by  Stamm  and  Whalen.  In  the  case  of  symmetrical  or 
nearly  symmetrical  grooves,  the  results  obtained  by  Stamm  and  Whalen  are 
considerably  different  from  the  results  obtained  using  (4)  and  (8).  In  the  cases 
of  extremely  unsymmetrical  grooves,  the  diffracted  light  from  wider  side  of  the 
groove  mainly  contributes  to  the  energy  distribution  and  this  means  mathema¬ 
tically  that  the  third  term  in  (4)  and  (8)  are  very  small  and  so  is  fortunately 
the  miscalculated  third  term  of  (1).  Hence  in  such  cases  (1)  and  (4)  give  nearly 
the  same  results.  As  the  following  numerical  calculations  show,  (4)  and  (8)  al¬ 
ways  give  nearly  the  same  results. 

Case  1  Symmetrical  grooves;  c=c'= 0.14410;  o=16966A;  z/A=z/C=8°12'; 


^B=163°36';  blazed  at  4780A,  first  order;  normal  incidence: 
Table  I. 


N 

3 

2 

1  1 

0 

-1 

-2 

-3 

<p 

i  57°52' 

34°22' 

16°24'  i 

0“ 

-16°24' 

-34‘’22' 

!-57°52 

R  K 

1  0.04% 

1 

3.69% 

,  26.04%  i 

40.45% 

26.04% 

3.69% 

0.04% 

S 

1 

i  0.24?^ 

15.10% 

29.04% 

11.24% 

29.04% 

15.10% 

0.24% 

Fig.  2. 
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The  energy  distribution  for  l=47SOA  is  given  in  Table  I  and  Fig.  2.  In  the 
Table  K,  R  and  S  stand  for  formulae  (8),  (4)  and  (1). 

Case  2  Unsymmetrical  grooves;  c=0. 27327;  c'=0. 14410;  <i=16933A;  Z.A 
=  15°17';  ZB=148°19';  zlC=8“12';  blazed  at  4780A,  first  order;  nor¬ 
mal  incidence: 

The  distribution  for  /=4780A  is  given  in  Table  II  and  Fig.  3.  Comparing 
Table  II  with  Table  I,  it  is  revealed  that  the  two  gratings,  which  have  the  same 
grating  constant  and  the  same  blazing  wavelength,  give  different  energy  distri¬ 
bution  due  to  the  difference  of  the  groove  form. 

Table  II. 


N 

3  1 

2 

1 

0 

-1 

-2 

-3 

57“52' 

34°22' 

16“24' 

0“ 

-16°24’ 

-34“22 

-57°52' 

K 

1.76% 

11.02% 

20.20% 

18.91% 

.  44.15% 

3.35% 

0.58% 

R 

l.Sl% 

11.08% 

19.82% 

IB.23% 

45.43% 

3.10% 

0.52% 

S 

9.73% 

15.80% 

12.81% 

10.20% 

37.26% 

9.37% 

4.82% 

Case  3  Unsymmetrical  i  grooves;  c=0. 58676;  c'=0. 30923;  a=16933A;  Z.A 
=30°24';  ZB=132°25';  ZC=17°ir;  blazed  at  4780A,  second  order; 
normal  incidence: 

Table  III. 


N 

\  3 

2 

1 

- 

0 

_ 

-1 

-2 

-3 

</> 

‘  57“52' 

34°22' 

16“24' 

0“ 

- 16‘'24' 

-34‘’22' 

-57°52' 

K 

17.50% 

7.89% 

0.21% 

6.50% 

7.95% 

59.12% 

0.83% 

R 

1  20.15% 

'8.60% 

0.22% 

6.61% 

7.82% 

55.87% 

0.74% 

S 

22.20% 

4.31% 

0.18% 

2.42% 

6.07% 

63.50% 

1.30% 
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The  distribution  for  /=4780A  is  given  in  Table  III  and  Fig.  4.  In  the  cases 
2  and  3  the  values  of  u  is  chosen  to  about  a/3. 

t 


Case  4  Unsymmetrical  grooves;  c=6.9393;  c'=0. 14410;  a=16933A;  Z!A 
=81°48';  ^B=90°;  ^C=8°12';  blazed  at  4780A,  first  order;  normal 
incidence: 

The  distribution  for  /=4780A  is  given  in  Table  IV  and  Fig.  5.  Differing 
from  the  above  example,  in  this  case  the  area  of  one  side  is  very  small  compared 
with  the  other.  Most  of  the  light  which  is  incident  on  AB  diffracts  toward  BC 
and  after  diffraction  at  BC  leaves  the  grating.  Some  part  of  the  light  which  is 


v  1 

3 

2  ' 

1  J 

1  1 

1  «  i 

-1 

-2 

1 

<}> 

57°52' 

34°22’ 

16“24'  i 

0“ 

-16°24'  j 

-34‘’22'  ! 

-57“52' 

K 

0.57% 

0.21% 

0.05% 

0.00% 

98.48% 

0.18% 

0.51% 

R 

1.42% 

0.40% 

0.07% 

^  0.00% 

97.75% 

0.14% 

0.22% 

S 

0.63% 

1  0.29j4 

0.06% 

j  0.03% 

97.99% 

1  0.19% 

{  0.80% 

I; 

L 
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directly  diffracted  at  BC  also  diffracts  toward  AC  and  diffracts  once  more.  But 
as  the  area  of  AB  is  small,  it  will  cause  only  slight  errors.  In  the  calculation, 
these  effects  are  neglected.  Table  IV  shows  that  when  the  area  of  one  side  is 
very  small,  formulae  (4)  and  (1)  give  similar  distributions. 

Case  5  Unsymmetrical  grooves;  c=0. 30928;  c'=3.2311;  a=16933A;  Z^A 
=  17°11';  ZB=72°49';  C=90°;  blazed  at  4780A,  second  order;  fixed 
angle  mounting: 

Fixing  the  angle  between  the  collimator  and  the  telescope  so  that  the  second 
order  spectral  line  of  4780A  diffracts  to  the  direction  of  the  grating  normal,  the 
grating  was  rotated  to  bring  4358A,  4780A,  5200A  on  the  centre  of  the  telescope. 
With  this  mounting  0=32°49'.  34°22'  and  35°56'  for  /=4358A,  4780A  and  5200A, 
respectively.  The  intensity  distributions  are  shown  in  Table  V  and  Fig.  6  (Figure 
6  shows  only  the  case  of  4780A).  Hereafter  only  the  formula  (8)  is  used  in  cal¬ 
culation  because,  as  the  above  cases  show,  (4)  and  (8)  give  always  similar  results 
and  it  has  no  meaning  to  calculate  using  both  formulae.  In  the  cases  4  and  5, 
formulae  (8)  and  (1)  give  similar  results.  As  pointed  out  by  Stamm  and  Whalen, 


Table  V. 


^  1 

5 

4 

3  1 

2 

‘  1 

0  1 

-1 

[  4358A  •  1  48“9' 

•  29*34'  ' 

13*18' 

!-  1*33' 

|-16“32' 

i- 32*49' 

-53*4' 

^  ■ 

4780A  ! 

57*52' 

34*22' 

16*24' 

1  0* 

-16‘’24' 

1-34*22' 

|- 57*52' 

.  5200A 

71*33' 

39*54' 

19*32' 

1*34' 

-16“  15' 

-35*56' 

i-63*23' 

r  4358A 

0.12% 

1.59% 

9.58% 

86.68% 

1  0.29% 

0.55% 

1.19% 

K  ■ 

4780A 

0.60% 

0.00% 

;  0.03% 

92.95% 

'  2.27% 

i  2.94% 

0.93% 

[  5200A 

1.13% 

0.83% 

1.23% 

83.52% 

9.95% 

3.27% 

0.06% 

1 

4358A 

0.34% 

1.65% 

:  9.49% 

86.15% 

0.28% 

0.80% 

1.50% 

S  - 

4780A 

0.48% 

0.00% 

0.19% 

92.26% 

1.73% 

3.41% 

1.88% 

1 

5200A 

1.67% 

,  0.68% 

1.00% 

82.26% 

10.93% 

3.27% 

0.19% 

Fig.  6. 
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in  this  mounting,  intensity  falls  away  more  rapidly  on  the  high  wavelength  side 
of  the  blaze. 

Case  6  Unsymmetrical  grooves;  c=0. 29426,  c'=3.3977;  a=16933A;  ZA 
=  16°24';  ZB=79°36';  ZC=90°;  blazed  at  4780A,  second  order;  Lit- 
trow  mounting: 

In  the  Littrow  mounting,  ^=14“55',  16°24'  and  17“53'  for  /=4358A,  4780A 
and  5200A,  respectively.  The  intensity  distributions  for  the  three  wavelengths, 
each  with  the  above  angle  of  incidence,  are  given  in  Table  VI  and  Fig.  7  (Fig.  7 
shows  only  for  the  wavelength  4780A).  In  the  blazed  direction  the  intensity 
concentrates  more  effectively  than  in  the  fixed  angle  mounting. 


Table  VI. 


N 

4  1 

3 

2  1 

1 

-2 

4358A 

51"5' 

30“59' 

14“55'  0“ 

-14*55' 

-30*50'  1- 

50*32' 

■ 

4780A 

57‘’52' 

34‘’22' 

16°24'  0" 

-16*24' 

-34*22'  |- 

57*52' 

5200A 

67  “7' 

37“53' 

17053,  QO 

-17*53' 

-57*53'  1- 

67*7' 

4358A 

0.00 

3.41% 

93.69%  1.66% 

0.03% 

0.32% 

0.89% 

K 

4780A 

o.9iy. 

0.21% 

93.60%  !  0.17% 

0.06% 

1.18%  1 

0.52% 

5200A 

2.88% 

85.93%  ^  5.38% 

2.51% 

1.60% 

0.01% 

4358A 

0.0074 

3.15% 

92.82%  1.78% 

0.01% 

0.44%  1 

1.77% 

-  S 

4780A 

1.39% 

0.23% 

94.61%  0.25% 

1.04% 

1.50%  ! 

0.95% 

5200A 

2.64% 

2.72% 

85.06%  5.40% 

2.95% 

1.19% 

0.00% 

Case  7(a)  Unsymmetrical  grooves;  c=0. 14321,  c'=6.9827;  <*=10.5835//;  ZA 
=8°9';  ZB=81°51';  ZC=90°;  blazed  at  3//,  first  order;  Littrow 
mounting: 


When  set  for  the  Littrow  mounting  to  the  first  order  3/<  and  the  first  order 
6//,  <I>=S°9'  and  16°28',  respectively.  The  3/t  distribution  for  the  first  setting 
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and  the  Zft  and  6fi  distributions  for  the  second  setting  are  given  in  Table  Vll(a) 
and  Fig.  8(a). 


Table  Vll(a). 


N 

4 

3  1 

2 

1 

0  i 

-1  1  -2  , 

-3 

[ 

82“47' 

45*7'  ' 

25*10' 

8*9' 

-  8*9' 

-25*10'  -45*8' 

-82*49' 

0 

3t  ' 

58*17' 

34*32' 

16*28' 

0* 

-16*28' 

-34*32'  -58*17' 

i  6t 

58*17' 

16*28' 

-16*28'  j 

-58*17' 

K 

3* 

0.7394 

0.2294 

0.0494 

97.5594^ 

0.0494 

,  0.1794|  0.4494j 

0.8194 

S 

3* 

1  2.5394 

1  0.3094 

1  0.06941 

1  94.0194 

0.0694 

0.39941  1.2694| 

1.3794 

K 

3t 

0.3494 

1  0.0694 

1  0.0194 

1  98.07S 

1  0.2694 

074694  0.7794 

S 

3t 

1  0.3294 

1  0.0694  O.OIS 

1  97.6394 

j  0.3294 

'  bT6594  1.0294 

K 

6t 

1 

4.6694 

i  44.9094 

i  46.4294 

1  4.0294; 

S 

6t 

1 

i  4.9894 

!  43.8494 

i  42.9294 

1  8.2594 

•  First  setting, 
t  Second  setting. 


3m  distribution  for  the  first  setting.  3m  distribution  for  the  second  setting. 


Case  7(b)  All  constants  being  the  same  with  the  case  7(a)  except  c= 0.29558,  the 
'  grating  is  blazed  to  the  first  order  of  6m. 
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The  distributions  for  the  same  setting  with  the  case  7(a)  are  shown  in  Table 
Vll(b)  and  Fig.  8(b).  In  the  cases  7(a)  and  7(b)  formulae  (8)  and  (1)  give  similar 
results,  so  Stamm  and  Whalen  are  still  right  in  saying  that  when  working 
through  an  octave,  without  changing  orders  and  without  a  fore  prism,  it  is  best 
to  blaze  at  (or  below)  the  lower  wavelength  limit  of  the  region  under  considera¬ 
tions. 


Table  Vll(b). 


N 

4 

3  2 

1  1 

0 

-1  ! 

-2  -3 

(3* 

82^47' 

45‘7'  25"10' 

8*9' 

-  8*9' 

-25*10'  - 

-45*8'  |- 82*49' 

<t>  ■ 

3t 

58’’17' 

34*22'  16*28' 

0* 

-16*28' 

-34*32'  - 

-58*17'  ' 

let 

58*17' 

16*28' 

-16*28'  ' 

-58*17' 

! 

K 

3* 

0.78%' 

2.05%  96.24% 

0.04% 

0.01% 

0.23% 

0.65%'  0.00% 

S 

3* 

2.23% 

1.11%  94.23%l 

0.05% 

0.35% 

0.82% 

0.59%{  0.62% 

K 

3r 

1.57% 

0.73%!  96.24%| 

0.00% 

0.15% 

0.59%j 

0.72% 

S 

3t 

1.14% 

0.18%;  95.86%i 

0.20% 

0.84% 

i  1.03%] 

0.75% 

K 

6t 

2.18% 

96.24% 

0.16% 

1.42% 

1 

S 

6t 

0.99%, 

94.93% 

;  0.98% 

I  3.10% 

1 

*  First  setting, 
t  Second  setting. 


Fig.  8(b).  ^  Fig.  8(b). 

3,u  distribution  for  the  first  setting.  3#»  distribution  for  the  second  setting. 
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Fig.  8(b).  6m  distribution  for  the  second  setting. 
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V.  Concliuion 

Corrected  formulae  for  energy  distribution  of  diffracted  light  from  plane 
gratings  based  on  Rowland’s  method  and  on  Kirchhoff’s  principle  are  derived, 
and  numerical  calculations  on  several  examples  were  carried  out.  The  formulae 
are  derived  on  the  assumption  that  the  incident  light  reaches  all  parts  of  the 
groove  surface  and  all  the  diffracted  light  contribute  directly  (no  secondary  reflec¬ 
tion)  to  the  intensities  of  every  order.  Although  in  real  gratings  this  assumption 
is  not  perfectly  fulfilled,  the  difference  can  be  considered  very  small,  the  effect 
of  multiple  diffraction  is  therefore  neglected  in  the  numerical  calculations.  Cor¬ 
rected  Rowland’s  formula  and  the  formula  used  by  Stamm  and  Whalen  give 
considerably  different  results  in  the  cases  of  symmetrical  or  nearly  symmetrical 
grooves  such  as  the  cases  (1)  and  (2)  but  in  the  case  of  extremely  asymmetrical 
grooves,  both  formulae  give  similar  results.  The  formula  based  on  Kirchhoff’s 
principle  and  that  on  Rowland’s  method  give  always  nearly  the  same  results. 
The  effects  of  the  inclination  factor  are  expected  to  appear  in  high  order  spectral 
lines,  but  since  in  such  orders  the  intensities  are  always  small,  they  scarcely 
affect  the  intensity  distribution. 

For  extremely  unsymmetrical  grooves,  the  formula  used  by  Stamm  and 
Whalen  approaches  to  the  corrected  Rowland  formula,  and  it  can  be  said  that  the 
results  of  the  numerical  calculations  performed  by  them  are  sufficiently  useful. 
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Abstract 

A  sensitive  apparatus  has  been  constructed  for  detecting  stains  on 
glass  surface  by  illuminating  it  with  linearly  polarized  light  and  observing 
the  reflection  at  polarizing  angle  of  the  glass  surface.  Tests  have  been 
successful. 

Refractive  index  of  stain  can  be  determined  by  measuring  polarizing 
angle  of  the  stain  surface  which  was  found  to  be  1.47±0.01  for  glasses 
F2  and  SF3. 

1.  Introduction 

Some  kinds  of  glass  are  liable  to  be  stained  by  inadequate  treatments  or 
even  by  being  exposed  to  wet  atmosphere.  The  stain  is  considered  as  due  to 
an  anomalous  layer  formed  on  the  glass  surface. 

If  this  anomalous  layer  is  considerably  thick,  it  will  be  observed  by  its 
interference  color,  whereas  a  very  thin  layer  is  hardly  observable  to  the  naked 
eye.  However,  if  it  is  coated  with  a  reflection- reducing  film,  detection  is  made 
with  ease  even  to  the  thickness  of  5m/u  by  a  change  of  color. 

Hence  it  is  very  desirable  to  find  an  effective  method  to  detect  the  presence 
of  such  stain  before  the  anti-reflection  treatment.  According  to  the  principle, 
suggested  by  Y.  Doi*\  an  apparatus  was  constructed  for  this  purpose,  and  re¬ 
fractive  index  of  the  anomalous  layer  was  measured  by  using  polarized  light. 

i 

2.  Apparatus  for  Detection 

The  light,  reflected  at  polarizing  angle  from  a  surface  of  such  dielectric  sub¬ 
stance  as  glass,  consists  exclusively  of  a  component  vibrating  normally  to  incident 
plane.  Therefore,  no  /(-component  vibrating  parallel  to  the  incident  plane  can 
be  reflected. 

If  there  is  an  anomalous  layer  on  some  part  of  the  glass  surface  and  linear¬ 
ly  polarized  light,  consisting  only  of  ^-component,  is  thrown  to  the  surface  at 
polarizing  angle,  the  reflection  will  come  only  from  the  anomalous  layer  revealing 

1)  Y.  Doi:  J.  Appl.  Phys.  Japan  25  (1956)  469. 
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its  presence. 

According  to  this  principle,  an  apparatus  described  below,  was  constructed 
with  the  purpose  to  facilitate  observing  and  i^otographing  the  stains  formed  on 
plane  glass  surfaces. 

Fig.  1  shows  the  schematic  arrangement  and  Fig.  2  is  a  photograph  of  the 
apparatus. 


In  Fig.  1  L  represents  a  light  source.  A  zirconium  lamp  was  used.  C  re¬ 
presents  a  condenser  lens,  projecting  the  image  of  L  onto  a  pinhole  H  of  a  col¬ 
limator  T.  The  pinhole  has  a  circular  aperture  of  2  mm  in  diameter  and  the 
focal  length  of  the  collimating  lens  is  30  cm.  F  is  a  filter,  which  was  used 
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when  necessary.  P  is  a  Polaroid,  which  can  be  rotated  about  the  oi>tical  axis  of 
the  collimator  T.  The  pinhole  H  is  located  at  the  focal  point  of  the  collimator 
lens  O  and  therefore  the  light  emerging  from  O  becomes  a  parallel  beam.  S 
represents  a  turn  table  which  supports  a  sample  having  stains  on  its  surface  and 
is  made  adjustable  for  the  light  to  be  incident  at  polarizing  angle.  O'  is  a  photo¬ 
graphic  lens  projecting  the  surface  under  test  onto  a  photographic  film. 

The  incident  light  to  O'  is  of  parallel  beam  and  therefore  the  photographic 
lens  must  have  a  larger  aperture  than  the  cross  section  of  the  beam.  A  photo¬ 
graphic  lens,  F/1.5,  f=5cm,  is  used  forming  the  image  of  the  surface  to  be 
tested  of  32  mm  in  diameter  upon  35  mm  film. 

When  direct  observation  by  the  naked  eye  is  preferred,  the  surface  under 
test  should  be  viewed  from  the  back  focal  point  of  O'  by  adjusting  the  distance 
between  S  and  O'  and  using  O'  as  a  magnifying  lens. 

To  make  the  stain  clearly  observable,  the  Polaroid  is  so  set  as  to  let  the 
component  vibrating  only  in  the  incident  plane  pass  through  it  and  the  inclina¬ 
tion  of  the  surface  is  adjusted  for  the  incident  light  to  fall  on  it  at  the  polarizing 
angle. 

When  this  condition  is  fulfilled,  the  glass  surface  becomes  darkest  and  the 
stain  bright.  Making  the  angle  of  incidence  smaller,  the  contrast  will  be  revers- 
ed»  the  stain  becoming  dark  and  the  glass  surface  bright. 

3.  Examples  of  Test 

A  series  of  photographs  obtained  by  using  this  apparatus,  are  shown  in  Fig. 
3.  The  glass  tested  was  F2.  A  half  of  the  surface  of  the  specimen  was  pro¬ 
tected  by  pitch  and  the  exposed  half  was  etched  by  dipping  it  in  a  IN.  aqueous 
solution  of  HNOs  at  63-64°C  for  the  length  of  time  indicated  under  each 
photograph. 

Among  these  specimens,  the' one  etched  by  HNOs  for  2  min.  was  so  faintly 
stained  that  the  stain  was  hardly  detected  by  the  naked  eye. 

In  Fig.  4,  the  photograph  shows  the  stain,  which  is  called  “  water-stain  ” 
and  was  formed  on  the  surface  of  SF3  glass  immeadiately  after  the  end  of 
polishing. 

As  this  spiecimen  was  prepared  in  a  wedge  form,  the  reflected  light  from  the 
back  surface  was  completely  eliminated  and  the  stain  was  observed  with  especial¬ 
ly  high  contrast. 


4.  Determination  of  Refractive  Index 

As  described  above,  the  contrast  can  be  reversed  by  making  the  angle  of 
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Fig.  4.  “  Water-strain  ”  of  SF3. 
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incidence  small.  Before  the  reversal,  a  position  will  be  obtained,  where  the  con¬ 
trast  disappears.  This  position  can  be  foun4  very  precisely,,  because  it  is  deter¬ 
mined  by  comparing  the  brightness  of  the  adjoining  halves  in  the  same  field  of 
view. 

According  to  Abel4s*\  the  refractive  index  of  surface  layers  can  be  deter¬ 
mined  by  the  measurement  of  the  incident  angle  at  this  position. 


Assume  that  a  stain  formed  on  a  glass  surface  has  a  structure  shown  in 
Fig.  5  and  the  anomalous  layers  is  homogeneous.  Let  the  Fresnel  amplitude 
reflection  coefficient  of  />-component  at  Surface  1  be  and  that  of  Surface  2  be 
Pt.  The  amplitude  reflection  coefficient  /?„  for  ^-component  of  the  stain  is  given 
as  follows; 


S- 

If  assuming  the  thickness  and  the  refractive  index  of  the  anomalous  layer 
are  d  and  n  respectively,  the  wavelength  of  light  in  vacuum  is  k  and  the  incident 
angle  at  Surface  2  is  x, 


nd  cos  X 


(2) 


The  amplitude  reflection  coefficient  /?«  of  the  ^-component  for  the  glass 
surface  is  obtained  from  (1)  by  putting  dp  in  it  equal  to  zero.  That  is. 


/?P0  — 


P\-^Pi 
\+PiPr  * 


(3) 


If  the  reflection  coefficients  of  the  glass  surface  and  the  stain  are  equal, 
then 

IRpMRpol.  . (4) 

This  condition  is  fulfilled  only  in  the  case  when 


Pi=0  or  p2=0. 


(5) 


2)  F.  Abeles:  J.  Phys.  et  Rad.  11  (1950)  366. 
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Since  ^i=0  occurs  only  in  a  special  case  when  the  refractive  index  of  the 
anomalous  layer  is  very  low,  it  should  be  ^i=0,  that  is,  the  light  is  thrown  onto 
the  upper  surface  of  the  stain  at  the  polarizing  angle  of  the  anomalous  layer. 

Measuring  the  incident  angle  at  this  position  and  using  the  formula  tan  (p—n, 
the  refractive  index  of  the  anomalous  layer  can  be  determined. 

5.  Measurement 

According  to  Abeles’  method  described  above,  the  refractive  index  of  stain 
was  measured. 

The  apparatus  used  was  a  common  spectrometer  and  it  was  arranged  as 
shown  in  Fig.  6.  A  super  high  pressure  mercury  lamp  with  a  Wratten  77A 
filter  was  used  as  a  light  source,  and  the  measurements  were  made  for  the 
green  light  of  Hg  ^5461.  A  pinhole  of  1mm  in  diameter  was  placed  at  the 
focal  point  of  a  collimating  lens  of  210  mm  focal  length  and  the  parallel  beam 
emerging  from  the  collimator  was  thrown  upon  the  surface  of  specimen  nearly 
at  the  polarizing  angle  of  glass. 


A  Polaroid  was  rotated  until  only  ^-component  falls  upon  the  surface.  After 
the  adjustment  had  been  completed,  the  eyepiece  of  the  telescope  was  replaced 
by  a  cap  having  a  pinhole  of  2  mm  in  diameter. 

Rotating  the  turn  table  S  holding  the  specimen  and  the  telescope,  two  posi¬ 
tions  were  determined,  one  where  the  contrast  disappears  and  the  other  where 
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the  contrast  becomes  highest. 

Using  the  Brewster’s  formula 

tan<p=«,  . (6) 

the  refractive  indices  of  the  glass  and  the  stain  were  calculated.  The  specimens 
measured  were  F2  glass  plates,  etched  as  before.  SF3  glass  plate  etched  for  1 
min.  in  IN.  HNO3  at  62°C  and  the  same  glass  with  “  water-stain  ”  were  also 
measured. 


! 

Time  of  etching  j 

Refractive  index  of 

(min)  j 

glass  1 

stain  1 

1 

1 

20 

1.61  i 

1.47* 

10 

1.62 

1.47 

Mean  value 
glass: 

F2 

7 

1.636 

1.47o 

1.62, 

'  5 

1.63 

1.47o 

stain: 

^  1.47, 

i 

‘  2 

1  ^ 

1.628 

1  1.46, 

SF3 

1 

1.74# 

1.73# 

1.47* 

'  1.49s 

Water-stain 

The  results  obtained  are  tabulated  in  Tab.  1.  The  accuracy  of  measuring 
the  polarizing  angles  was  about  10'  for  the  glass  and  5'  for  the  stain,  which 
give  for  both  refractive  indices  the  accuracy  of  ±0.01  and  ±0.005. 

6.  Summary 

An  apparatus  was  constructed  for  the  detection  of  stains  formed  on  the 
surface  of  glass  by  illuminating  the  latter  with  linearly  polarized  light  of  p- 
component  only.  Effectiveness  of  the  apparatus  was  confirmed. 

Using  Abeles’  method,  refractive  index  of  stain  was  determined  by  measur¬ 
ing  the  incident  angle  at  which  the  reflections  from  the  glass  surface  and  the 
stain  were  equal  in  intensity.  The  refractive  indices  of  stains  formed  by  etching 
on  F2  and  SF3  glasses  were  obtained  as  1.471±0.005  and  1.475±0.005  respectively. 
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Abstract 

A  set  of  photometer  for  surveying  the  near  infrared  OH  emission  of 
the  night  sky  has  been  made.  This  is  a  preparation  for  the  coming  Inter¬ 
national  Geophysical  Year.  The  method  of  photometry  adopted  is  as 
follows. 

1.  For  the  detector,  an  Ag-Cesium  photoelectric  tube  is  used. 

2.  In  order  to  eliminate  the  zero  drift  which  appears  in  direct  dark 
current  of  photoelectric  tube,  an  a.  c.  amplification  is  adopted. 

3.  A  synchronous  rectifier  is  used  to  reduce  the  noise  which  appears 
in  the  output  of  amplifier. 

With  the  above  arrangement,  the  intensity  distribution  of  the  emission 
and  its  variation  with  time  are  surveyed  with  an  altazimuth  covering  the 
entire  sky. 

In  the  present  paper,  description  of  the  instruments  and  method  of  the 
observation  are  given  and  an  example  of  photometric  records  is  shown. 


1.  Introduction 

It  is  spectroscopically  confirmed  by  A.  B.  Meinel*>  that  the  emissions  of  the 
night  sky  in  the  near  infrared  region  are  mainly  OH  rotation-vibration  bands. 
The  intensity  distribution  of  the  nightglow**  over  the  entire  sky  has  been  ob¬ 
served  by  many  workers*^  in  the  visible  region  but  only  by  a  few*^  in  the 
infrared  region.  In  both  regions,  the  intensity  depends  on  the  observer’s  local 
time,  and  there  are  intense  and  weak  clounds  of  the  nightglow  in  the  entire  sky, 
drifting  with  time. 

*  Present  address;  Govt.  Chem.  Industrial  Research  Institute. 

•*  The  “  emission  of  the  night  sky  ”  is  called  here  the  “  nightglow  ”,  according  to 
F.  E.  Roach. 

1)  A.  B.  Meinel:  Ap.  J.,  Ill,  (1950)  555. 

2)  For  example,  F.  E.  Roach  and  H.  B.  Pettit:  Jour.  Geophys.  Res.,  56  (1951)  325, 
and  M.  Huruhata,  H.  Tanabe  and  T.  Nakamura:  Report  of  Ionosphere  Research  in  Japan, 
IX,  No.  3,  (1955)  136. 

3)  M.  Huruhata:  Report  of  Ionosphere  Research  in  Japan;  IV  No.  3,  (1950)  137,  VI, 
No.  1,  (1952)  31.  Kron:  P.A.S.P.,  62,  (1950)  264. 
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As  regards  the  height  of  the  emitting  layer,  the  cause  of  drift  of  the  clouds 
and  the  mechanism  of  the  nightglow,  there  is  much  to  be  learnt. 

The  purpwse  of  the  present  work  is  to  form  a  link  in  the  chain  of  observa¬ 
tions  during  the  International  Geophysical  Year  beginning  in  July  1957  by  making 
observations  on  the  intensity  distribution  of  near  infrared  OH  emission  over  the 
entire  sky  and  obtaining  informations  as  to  the  height  of  the  emitting  layer, 
drift  of  the  clouds  and  other  outstanding  problems  closely  in  concert  with  the 
observation  group  of  the  nightglow  under  the  leadership  of  Dr.  M.  Huruhata  of 
Tokyo  Astronomical  Observatory. 

2.  Instruments  and  Results 

As  shown  in  Fig.  1,  the  measuring  arrangement  consists  of  the  following 
parts: 

(A)  Reflection  altazimuth  with  optical  equipment.  Setting  of  azimuth  and 
altitude  is  made  automatic. 

(B)  50  cycle  oscillator  for  chopping  motor. 

(C)  Detector  and  amplifier. 

(D)  Synchronous  rectifier  and  recorder. 

(E)  Independent  power  supply  for  each  of  oscillator,  amplifier  and  rectifier. 


Fir.  1.  Block  diagram  of  the  instruments. 


(A)  Automatic  Reflection  Altazimuth 

The  construction  of  the  main  part  of  the  reflection  altazimuth  except  some 
optical  equipment  is  after  the  principle  of  Dr.  Huruhata’s  design  and  shown  in 
Fig.  2. 

(Afi)  is  a  plane  mirror,  the  surface  of  which  is  coated  with  gold  film,  and  is 
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fitted  at  an  angle  of  45°  at  the  end  of  a  horizontal  shaft  (H).  The  axis  of  which 
is  in  line  with  the  axis  of  a  lens  (L)  of  7  cm  in  aparture  and  22  cm  in  focal 
length. 


Fig.  2.  Schematic  diagram  of  the  altazimuth. 

A:  Cam  for  changing  altitude. 

H:  Shaft  connected  with  cam  (A). 

Afi,  Afi:  Plane  mirrors  coated  with  gold  him. 

L:  Lens  of  7  cm  in  aparture  and  22  cm  in  focal  length. 

P:  Right  angle  prism. 

C:  Chopper.  ' 

F:  Filter. 

V:  Ag-Cs  photoelectric  tube. 

7:  Knclosure  with  the  photoelectric  tube  and  pre  anipliher. 

7>:  Krass  plate. 

B:  Cam  for  changing  azimuth. 

The  shaft  (H)  is  rotated  by  a  specially  shaped  cam  (^4)  to  admit  the  radiation 
from  the  sky  at  various  altitudes  into  a  photoelectric  tube  (V)  through  the  lens 
(L),  reflected  by  another  gold  coated  plane  mirror  (M*)  and  a  right  angle  prism 
(fO,  chopped  at  125  cycles  by  a  chopper  (C)  and  finally  through  a  filter  (F).  The 
filter  with  its  spectral  transmission  curve  as  shown  in  Fig.  3,  fitted  in  the  focal 
plane  of  the  lens,  is  to  eliminate  the  light  from  the  stars  and  visible  stray  lights 
that  disturb  the  measurement.  A  field  stop  in  front  of  the  Alter  enables  the 
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measurement  of  the  sky  of  a  circular  area  of  5°  in  diameter. 

A  phonomotor  operates  the  mounting  above  the  brass  plate  (D)  to  change  the 
azimuth  setting  into  twelve  different  directions  by  cam  (B),  stopping  at  each 
azimuth  for  three  and  a  half  minutes  and  then  to  the  next  setting  in  half  a 
minute.  The  rotation  of  the  shaft  for  changing  azimuth  is  coupled  to  the  shaft 
for  changing  altitude  in  such  a  way  that,  at  each  azimuth  setting,  the  altitude 
is  changed  by  cam  (A)  from  the  lowest  to  zenith  in  four  stages,  stopping  at  each 
position  for  half  a  minute  then  back  to  the  lowest  while  the  azimuth  is  being 
reset.  The  changing  of  the  altitude  from  one  position  to  another  takes  also 
half  a  minute  during  which  time  the  incident  light  is  cut  off  by  a  shutter  operated 
by  another  cam  synchronized  with  the  rotation  of  the  altitude  shaft  taking  al¬ 
together  four  minutes  for  the  completion  of  one  cycle  for  one  azimuth  setting 
and  hence  forty  eight  minutes  for  one  survey  to  cover  the  entire  sky. 

The  adopted  altitudes  are  16°42',  24°14',  41°59'  and  90°00',  separating  the 
measured  positions  by  equal  horizontal  distances. 

(B)  50  Cycle  Oscillator  as  a  Power  Supply  for  Chopping  Motor 

A  synchronous  motor  of  the  output  power  2W,  is  used  as  the  chopping  motor. 
The  motor  is  driven  by  the  output  power  of  a  50  cycle  oscillator  which  is  of  a 
usual  low  frequency  sinusoidal  type  with  a  tuning  fork  and  is  amplified  at  its 
last  stage  by  6L6  push  pull. 

(C)  Detector  and  Amplifier 

It  is  considered  that  both  PbS  photoconductive  cell  and  Ag-Cesium  photo¬ 
electric  tube  can  be  satisfactory  as  sensitive  detectors  for  the  wavelength  range 
concerned. 

In  preliminary  experiments,  it  was  confirmed  that  a  PbS  photoconductive  cell 
made  by  one  of  the  authors  can  detect  the  nightglow.  However,  since  there  are 
strong  absorptions  of  water  vapor  in  the  sensitive  region  of  PbS  cell  and  the 
amount  of  water  vapor  varies  diumally,  Ag-Cesium  photoelectric  tube  was  finally 
adopted  as  the  detector.  The  spectral  sensitivity  of  the  photoelectric  tube  is 
shown  in  arbitrary  units  in  Fig.  3.  In  the  figure,  a  curve  with  a  bold  real  line 
is  the  total  spectral  characteristic  when  the  photoelectric  tube  and  the  filter  are 
used  in  combination.  It  is,  therefore,  considered  that  almost  all  of  the  radiation 
measured  with  this  combined  detector  are  the  rotation-vibration  bands  of  OH 
molecules.  There  is  a  double  band  at  X  8645,  due  to  O,  but  it  can  be  neglected 
in  the  measurement  because  its  intensity  is  weak  in  comparison  with  that  of  OH 
bands,  which  extend  over  a  wide  range. 
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Fig.  3.  Spectral  characteristics  of  the  Alter  and  the  Ag-Cs  photo¬ 
electric  tube. 

I.  Transmission  curve  of  the  Alter. 

II.  Spectral  sensitivity  of  the  Ag-Cs  {^toelectric  tube. 

III.  Total  spectral  characteristic  when  I  is  combined  with  II.  In  this 
Agure,  ordinates  are  arbitrary  units. 

The  output  voltage  generated  at  the  ends  of  the  load  resistance  connected  in 
series  with  the  photoelectric  tube  is  applied  to  the  grid  of  6AC7  that  is  used  as 
a  pre-amplifier.  The  filaments  of  vacuum  tubes  of  the  pre-amplifier  and  of  the 
next  stage  are  heated  with  the  direct  currrent  which  is  rectified  with  a  selenium 
rectifier.  The  photoelectric  tube  and  the  pre-amplifier  are  placed  in  an  iron  case 
(I  in  Fig.  2).  The  output  of  the  pre-amplifier  is  applied  to  the  main  amplifier 
set  in  an  observation  shelter  built  about  three  meters  away  from  the  altazimuth. 

The  main  amplifier  is  a  narrow  band  amplifier  with  Twin-T  circuit  as  shown 
in  Fig.  4.  The  band  width  is  3~4  cycles.  The  amplified  signal  is  applied  to  the 
input  of  the  synchronous  rectifier  and  rectified  there. 
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(D)  Synchronous  Rectifier  and  Recorder 

The  signal  for  synchronization  is  obtained  with  a  PbS  photoconductive  cell. 
As  shown  in  Fig.  2,  a  miniature  lamp  is  set  in  the  enclosure  with  the  chopping 
motor.  The  light  from  the  lamp  illuminates  the  PbS  cell,  which  is  situated  at 
the  oposite  side  of  the  chopper.  Thus,  the  light  is  chopped  with  the  same  fre¬ 
quency  as  that  of  the  nightglow  and  the  phase  difference  between  them  are 
constant.  The  signal  induced  in  the  PbS  cell  by  the  chopped  light  is  first 
amplified  and  then  applied  to  the  grids  of  6SN7  of  synchronous  rectifying  circuit, 
as  seen  in  Fig.  5. 

The  synchronizing  of  the  phase  of  the  signal  sent  from  the  PbS  cell  and  that 
of  the  output  of  the  main  amplifier  is  controlled  by  adjusting  the  variable  resis¬ 
tance  (S)  inserted  in  the  middle  of  the  circuit  shown  at  left  side  in  Fig.  5.  In  this 
method  of  synchronizing,  some  changes  in  the  wave  form  of  the  amplified  signal 
are  introduced.  Although  this  effect  is  undesirable,  it  did  not  cause  much  trouble 
in  the  present  work. 

The  rectified  d.  c.  output  is  smoothed  up  with  a  filter  circuit  and  supplied  to 
the  input  of  the  recorder. 


IW»»U«c 


Fig.  5.  Circuit  of  the  Synchronous  rectifier. 

A  time  marker  operated  by  a  small  electromagnet  is  attached  on  one  side  of 
the  recorder  marking  the  time  for  every  five  minutes  using  a  clock  with  an 
electric  contact.  The  time  marker  is  also  utilized  as  the  marker  of  azimuth  set¬ 
ting  of  the  altazimuth,  that  is,  when  the  direction  of  the  altazimuth  coincides 
with  a  certain  azimuth,  say  north,  the  signal  from  the  altazimuth  is  supplied  to 
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the  marker  by  the  electrical  contact  attached  to  the  altazimuth  and  the  azimuth 
of  the  altazimuth,  at  that  time,  is  marked. 

{E)  Three  Power  Supplies 

Independent  voltage  regulated  power  supply  is  used  for  each  of  the  oscillator, 
amplifier  and  synchronous  rectifier.  These  circuits  are  of  usual  kind  and  not 
worth  describing. 


Measurements  were  made  several  times  at  Oobe,  Shodoshima,  Seto  inland 
sea  (Long.  134°16.5'  E,  Lat.  34°32.7'N)  in  Aug.  1956  and  Nov.  1956  using  the 
above-mentioned  instruments. 

An  example  of  the  records  is  ^  Vy  '  T  '  '  '  '  *  ^ 

shown  in  Fig.  6.  In  this  ^  .  ^ 

figure,  the  regularly  spaced  w  ^  ' 

marks  seen  on  the  upper  side  ^  \ 

are  the  time  marks  for  every  ^ ^  A  ~  -v--™.  r  -  *  -V 

five  minutes  and  the  irregu-  -I--— — -W:_  N  .  ^ 

. ■  A  ■!-  ,v.'.  I  ..  * 

lar  marks  are  the  marks  when  A  .  '  t  IJ  T  ^  ? 

the  azimuth  of  the  altazimuth  j,  •  ,  j|  ;  '1”]  t  lF  I  if}  ||  ij 

was  north  at  each  time.  |J  JflFf  ifrf  J  if  ./  ,  ,i|(  jl  I;  ,  J h  M 


3.  C'/oncIusion 


ratio  is  greatly  reduced.  As  6.  Example  of  the  records.  • 

,  -  ,  This  record  was  obtained  in  Nov.  6^7,  1956. 

shown  m  Fig.  6,  there  are  ,  ...  c  t.  .u  j 

^  In  this  ngure,  the  marks  seen  on  the  upper  side  are 

some  fluctuations  of  zero  the  time  marks  and  the  azimuth  setting  marks. 

points  and  it  is  estimated 

that  the  signal  to  noise  ratio  is  about  8-^20. 

This  noise  is  mainly  generated  partly  in  the  load  resistance  inserted  in  series 
with  the  photoelectric  tube  and  partly  in  the  vacuum  tube  used  as  pre-amplifier. 
The  signal  to  noise  ratio  is  expected  to  be  improved  when  load  resistances  and 
vacuum  tubes  specially  made  to  order  for  low  noise  arrive  to  replace  the  present 
components. 

A  form  of  a.c.  amplification  has  been  adopted  with  some  success  in  straighten¬ 
ing  the  zero  point  drift  due  to  direct  dark  current  of  photoelectric  tube  and  in 
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increasing  the  stability  and  gain  of  the  amplifier. 
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Abstract 

Rotational  analyses  of  ^'(3  —  0)  band  in  the  far  ultraviolet  absorption 
and  (0—0)  and  (3—4)  bands  of  (B'—B)  system  in  the  near  infrared  emission 
are  carried  out  using  the  low  dispersed  spectra  in  a  method  different  from 
normal  rotational  analysis.  This  special  method  has  been  effective  in 
obtaining  a  fairly  accurate  rotational  constant  of  level  of  B’  state, 
i.  e.  B3=1.263i  0.002,  and  has  confirmed  the  conclusion  of  MiescherO  that 
B’  state  is  an  inverted  *3  with  coupling  constant  A* -2.  The  identity  of 
the  upper  state  of  these  two  systems  is  also  confirmed  indicating  that  the 
height  of  r=4  level  of  B^IIr  should  be  lower  than  can  be  expected  from 
the  position  of  levels  of  »=0,  1,  2  and  3. 

In  the  Appendix  there  are  listed  the  new  vibrational  and  rotational 
constants  of  B’flr,  X^Ur  and  vo.o  of  B*77rt  obtained  as  a  result  of  the 
rearrangement  of  the  data  of  ^-system*>  and  infrared  spectroscupy^>>*>  of 
Nitric  Oxide. 


1.  Introducti«tn 

Recent  works  in  the  spectroscopy  of  nitric  oxide  have  revealed  the  existence 
of  the  B'  electronic  state,  and  its  vibrational  levels  of  *;'= 0,1,2  and  3  have  been 
confirmed  by  the  vibrational  analyses  of  absorption‘>-*>’^>  and  emission*'  *^  spectra 
in  the  far  ultraviolet  and  also  by  the  emission  bands  in  the  near  infrared*®^ 

Quite  recently  Miescher*’  has  obtained  the  rotational  constants  of  vibrational 
levels  of  t>'=0  and  1,  as  a  result  of  the  rotational  analyses  of  four  bands  of 

1)  E.  Miescher:  Canad.  J.  Phys.  33  (1955)  355. 

2)  F.  A.  Jenkins,  H.  A.  Barton  and  R.  S.  Mulliken:  Phys.  Rev.  30  (1927)  150. 

3)  R.  H.  Gillet  and  E.  H.  Eyster:  Phys.  Rev.  56  (1939)  1113. 

4)  N.  L.  Nichols,  C.  D.  Hause  and  R.  H.  Nobel:  J.  Chem.  Phys.  23  (1955)  57. 

5)  Y.  Tanaka,  M.  Seya  and  K.  Mori:  Science  of  Light  1  (1951)  80,  J.  Chem. 
Phys.  19  (1951)  979. 

6)  L.  H.  Sutcliffe  and  A.  D.  Walsh:  Proc.  Phys.  Soc.  A66  (1953)  209. 

7)  Miss  M.  Ueda:  Science  of  Light  3  (1955)  143. 

8)  P.  Bear  and  E.  Miescher:  Helv.  Phys.  Acta  24  (1951)  331. 

9)  Y.  Tanaka:  J.  Chem.  Phys.  21  (1953)  788. 

10)  M.  Ogawa:  Science  of  Light  2  (1953)  87. 
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system,  namely  1633.5  A  (1-0),  1739.3  A  (1-2),  1775.9  A  (0-2)  and  1835.1  A 
(0—3)  bands,  and  found  that  the  upper  state  is  an  inverted  with  coupling 
constant  A^— 2. 

The  authors  have  tried  to  make  rotational  analyses  of  the  1575  A  band  of 
the  far  ultraviolet  absorption  and  the  6898  A  and  7140  A  band  of  the  near  infrared 
emmission;  these  have  been  assigned  to  the  (3—0)  band  of  —X^IJ)  system 
and  the  (0—0)  and  (3—4)  bands  of  (B'—B)  system  respectively.  On  photographs 
these  bands  are  not  sufficiently  separated  to  make  a  normal  rotational  analysis. 
However,  with  the  aid  of  accurately  known  rotational  constants  of  the  lower 
states  of  these  systems  the  rotational  constants  of  the  upper  states  were  able  to 
be  obtained  from  the  observed  wave  numbers  of  the  heads  and  slightly  separated 
lines.  The  result  of  the  analyses  shows  that  this  method  is  effective  in  obtaining 
a  fairly  accurate  rotational  constant  from  the  spectrum  of  low  dispersion  and 
resolution.  It  has  been  confirmed  that  the  upper  states  of  these  systems  are  the 
same  and  the  rotational  and  coupling  constants  of  this  state  are  equal  to  that  of 
B'  state  obtained  by  Miescher'>. 

In  order  to  perform  this  analysis  the  constants  of  B^Ilr  state  were  examined 
following  the  original  papers*^*  Inspite  of  excellent  accuracy  in  the  measure¬ 
ment  of  the  ^-system  by  Jenkins,  Barton  and  Mulliken’^  it  has  been  found  that 
the  value  of  vo,e  obtained  by  them  as  a  result  of  the  extrapolation  of  their  em¬ 
pirical  formula  seems  too  high.  Besides,  the  constants  in  their  empirical  formula 
are  not  simply  related  to  those  of  recent  spectroscopy.  Making  use  of  the  result 
of  recent  works  the  observed  values  of  Jenkins,  Barton  and  Mulliken  are  rear¬ 
ranged  in  the  general  formula  consisting  of  the  notations  of  recent  spectroscopy. 
The  constants  of  A'>/7r  and  B'^Tlr  thus  obtained  are  listed  in  the  Appendix. 

2.  Rotational  Analysis  of  ^'(3—0) 

The  absorption  spectrum  of,  ^'(3—0)  band  (1575  A),  photc^raphed  with  a  3- 
meter  grazing  incidence  vacuum  spectrograph  was  used  for  analysis.  Its  disper¬ 
sion  is  not  sufficient  (2.5  A/mm)  to  separate  the  lines  of  the  12  possible  branches. 
The  lines  clearly  appearing  are  the  result  of  the  overlapping  of  several  rotational 
lines  in  the  region  of  ±1  cm"‘.  Since  the  rotational  constants  of  the  lower  state 
are  precisely  known,  the  B'  value  most  suitable  to  the  measured  wave  numbers 
of  the  sharp  heads  and  twenty  rotational  lines  is  obtained  in  the  following  way. 
Between  cases  a  and  b,  the  upper  state  is  considered  to  be  close  to  case  b,  so 
that  the  rotational  terms  can  be  expressed  in  the  following  formula  of  Hill-Van 
Vleck. 

11)  R.  Schmid:  Z.  f.  Physik  64  (1930)  84. 
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F,(#c)=i9/ (iir(/i:+i)-^»+r(4-y)/8(^+i)+-.-l;  /f-y-1/2 
F,(#:)=B/(/f(A'+l)-/l»-y(4-y)/8(A'+l)+---l;  A‘=y+l/2 
Y^AtBv 

Referring  to  the  result  of  Miescher*^  the  value  A=2  and  >1=— 2  are  assumed 
here.- 

The  third  terms  of  these  formulae  can  not  be  neglected  for  low  J  values  for  it 
strongly  affects  the  position  of  the  heads  because  of  the  minus  sign  of  A  and  the 
value  of  A*=4.  The  lower  state  can  be  regarded  as  near  case  a;  therefore  the 
rotational  terms  would  be  expressed  in  the  following  formulas. 


Fi(y)=Bo,i.eff[y(y+i)-n*);  n=i/2 

F,(y)=B,.„effiy(y+i)-a*i;  n=3;2  ' 

The  amount  of  /1-type  doubling  of  both  states  is  possibly  within  the  error  of  the 
present  measurement.  With  these  assumptions  the'  following  equations  express 
the  wave  numbers  of  the  possible  12  branches. 

Ou(y)=W‘)-4B'+B,"/4)-B'/4-i-B'y(4-y)/2(y+l/2)-Bi'7-f(B'-B."V* 

Ai(y)  =  W’>-4B' +B,'74)-B74- B' y(4- ■n/2(y-f  l/2)-B/7+(B' -Bi")y* 

B,,(y)=W*)-4B'  +  B/74)-f3B74  +  B'y(4-y)/2(y+3/2)-l-(2B'-B,"'l/ 
+{B'-Bnp 

^i(y)=(vo<‘>-4B'-fB,'74)+3B74-B'y(4-y)/2(y-f3/2)-K2B'-B,")y 

-f(B'-Bi")y 

Bn(y)=(vo<W-4B'-f  B/74)-f  3B74-f  B'y(4-y)/2(y-l/2)  ( 3 ) 

-{2B'-Bnj+{B'-BnP 

/?,i(y) -4B' +Bi'74)-f  15  B'14-B'  y(4-  y  )/2(y+5/2) 
-(4B'-B,")y+(B'-B,")y 

0.,(y)=(vo<«-4B'  +  3B,'74)-B'/4-f-B'  y(4-  Y)I2{J+ 1/2) 

-Bf'J+{B'-Bf')p 

B«(y)=(vo<«  -4B' +3B,'74)-B74-B'y(4-  Y)/2(J+ 1/2) 

-Bf'J+iB'-Bf')p 

and  so  on. 

Bi"=Bo,i.eff  (for  X*n\/t)  and  B,"=Bfl,  t.  eff  (for  in  the  above  equations 

are  determined  according  to  the  measurement  in  the  microwave‘*'“>  and  infrar- 
ed»*«>  to  be  B,"- 1.67197  and  B,"»  1.7224. 

As  for  B'  the  value  calculated  by  extrapolating  the  constants  obtained  by 
Miescher'>  is  1.2635,  which  was  used  at  hrst  to  estimate  the  wave  numbers  of 
each  line  of  twelve  branches.  And  its  Fortrat  diagram  was  drawn,  which  showed 

12)  C.  A.  Burros  and  Walter  Gordy:  Phys.  Rev.  92  (1953)  1437. 

13)  -J.  J.  Gallagher,  F.  D.  Redark  and  C.  M.  Thomson:  Phys.  Rev.  93  (1954)  729. 
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that  the  head  of  the  shortest  wave  length  is  formed  by  the  rotational  lines  of 
Ru  branch  between  J=3'^lt  and  4V*  and  that  it  is  possible  for  four  lines  of 
0*1.  Riu  P»i  and  On  branches  beyond  7=67*  are  to  appear  as  one  line  owing  to 
the  near  coincidence  of  position.  The  relative  positions  of  these  lines  and  heads 
agree  so  well  with  those  of  the  observed,  that  the  numbering  of  J  for  each 
observed  line  can  easily  be  assigned.  It  seems  quite  right  to  conjecture  that  the 
rotational  constant  of  the  upper  state,  B'  in  the  equations  (3),  is  near  to  1.2635. 
Therefore,  in  order  to  find  the  best  B'  value  to  explain  the  observed  values,  the 
amount  of  B'  in  the  equations  (3)  has  been  varied  by  0.002  cm"*  over  the  region 
from  1.250  to  1.274  to  calculate  the  wave  number  of  each  line  of  each  branch. 
Using  these  calculated  values  v^s  suitable  to  each  observed  head  and  line  are 
obtained.  When  B'  is  assumed  to  be  1.250,  the  4B'+Bi'74)  should 

increase  as  J  increases  (cf.  Table  1),  which  shows  this  B'  value  is  too  small  to 


Table  1. 

vo('>  Suitable  to  each  observed  value,  B'=1.250. 


I. 

P*i,  voO)',„,. 

Qii, 

Q*l, 

■Rll. 

63444.4 

3 

.7=6*/, 

63474.2 

J=67* 

63472.6 

^=9'/, 

63473.2 

^=9'/* 

63474.2 

36.8 

3 

74.1 

72.7 

J=10V, 

74.1 

75.1 

29.5 

4 

75.2 

73.9 

74.4 

75.3 

20.0 

5 

74.8 

74.7 

74.3 

75.1 

10.2 

5 

J=107» 

75.1 

74.1 

74.6 

75.4 

6.3399.5 

5 

74.9 

74.0 

74.5 

75.2 

87.9 

5 

75.5 

74.6 

75.2 

75.9 

76.3 

5 

76.5 

76.2 

77.7 

77.8 

63.3 

48.1 

6d 

5 

'77.0 

J=157* 

76.1^ 

76.2 

J=15V* 

75.4 

76.8 

^=18'/* 

76.0 

77.4 

J  =  18V* 

76.6 

Vi>'=vo-4B'  +  Bi"'4. 


explain  the  measured  wave  numbers.  Conversely,  when  B'  =  1.274  is  adopted 
should  decrease  as  J  increases.  Any  change  in  assigning  the  number  of  J 
for  observed  lines  makes  it  impossible  to  obtain  common  for  observed  head 
and  lines.  Thus  it  was  found  that  the  amount  of  B'  should  lie  between  1.257 
and  1.270  to  be  able  to  find  common  in  the  experimental  error.  For  each 
B'  in  this  region  the  most  suitable  vo  was  determined  by  averaging  the  slightly 
different  v*».  The  sum  of  this  vn  and  the  calculated  rotational  term  value  of 
each  line  of  each  branch  was  compared  with  the  each  observed  value.  In  the 
case  when  B'  is  greater  than  1.265  the  four  lines  expected  to  nearly  coincide 
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should  scatter  in  the  wider  region  of  ±1  cm~‘,  which  suggests  the  observed  lines 
should  be  more  diffuse.  Furthermore  calculated  values  have  the  tendency  to  be¬ 
come  greater  than  the  observed  ones  with  the  increase  of  /  (cf.  Table  2). 


Table  2. 

Comparison  of  observed  with  calculated  values; 
B'=1.270.  v,0)'=63471.8 


V®»». 

I. 

v(Qll)oal.  I 

v(Pll)*al. 

''(Pn)*oi.  j 

63429.5 

i 

,  4 

;  ^=11'/, 

63429.9 

^=ll'/l 

63429.0 

^=8  '/, 

63428.7 

20.0 

5 

21.1 

20.3 

19.8 

J=9‘/, 

63418.7 

10.2 

1  5 

11.5 

10.8 

10.0 

09.0 

63399.5 

5 

01.1 

00.4  ^ 

;  63399.5 

63398.5 

87.9 

5 

63389.8 

89.1 

1  88.1 

87.2 

76.3 

1  5 

77.8 

77.2 

75.9 

75.2 

63.3 

'  6. 

65.1 

64.5 

63.3 

62.6 

48.1 

5 

50.7 

49.5 

48.8 

33.8 

4 

' 

^=19'/* 

36.4 

J=16'/, 

34.7 

34.0 

Conversely  when  B'  is  less  than  1.269,  the  calculated  wave  numbers  become  less 
than  the  observed  ones  for  high  J  value.  In  this  way  the  best  B'  value  to  explain 
the  observed  values  has  been  determined  to  be  1.263±0.002cm"*  and  in  this  case 
the  band  origins  should  be  vj,ot*J=63477.5±0.2  and  vj,*(*>=63353.1±0.2cm"*.  The 
amounts  of  and  designated  here  means  the  wave  numbers  between 

the  mid  point  of  the  rotationless  state  (iP(/)=0,  i.  e.  the  height  of  /=0  and  £1=0) 
of  B’  and  B'  *Js/,  and  the  rotationless  states  of  X^JJni  and  X^TJut  res¬ 
pectively.  In  Table  3  the  observed  values  are  compared  with  the  calculated  ones  • 
for  each  line  of  each  branch.  It  can  be  recognized  from  this  table  that  only  the 
main  branches  such  as  /?ii,  Pn  and  Qn  appear  when  J  is  small  and  satellite 
branches  such  as  On,  Pn  and  Pu  become  more  intense  for  high  /,  which  shows, 
as  suggested  by  Miescher*),  the  upper  state  approaches  pure  case  b  as  J  increases. 
Two  sharp  heads  are  formed  in  the  Pn  and  Rn  branches.  The  On  and  Ok 
branches  which  seem  able  to  make  heads  in  some  cases  do  not  form  heads  with 
this  B'  value.  In  the  region  separated  from  the  head  of  63485.0  cm"'  about  10 
cm"',  it  is  so  clouded  by  the  rotational  lines  of  On  and  Pn.  that  it  seems  to  be 
a  diffuse  head  in  the  low  dispersed  spectrum. 

Although  this  methods  of  rotational  analysis  is  quite  troublesome,  it  seems 
to  be  effective  in  obtaining  fairly  precise  rotational  constants  from  insufficiently 
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separated  spectrum,  when  the  rotational  constant  of  one  of  the  two  states  is 
accurately  known  and  that  of  the  other  can  be  roughly  estimated. 


f 


Table  3. 


f)’(3-0)  Comparison  of  observed  with  calculated  values 
B'^1.263  v3Mt<‘>«=63477.5  v 63353.1  cm- » 


Int. 

v(Q2i)«aI. 

v(i2n)«al. 

63485.0 

6 

J=li/,  J=2Vi 

63482.8,  63484.3, 

J=3V*  ^=4'/*  •^=5V* 

63485.0,  63484.0,  63484.2, 

71.9 

67.4 

' 

(3. 

^=4>/* 

63470.0 

66.6 

•/  =  !'/, 
63471.9 
71.6 
70.3 
68.1 

J=vlt 

63467.3 

vCQiOmi- 

J=9V»  63472.9 

J  =  10‘/*  68.2 

!  J  =  11V*  62.5 

62.5 

2 

62.4 

P=8'/, 

62.7 

57.0 

2  ' 

^=7*/, 

57.5 

^=7'/* 

56.3 

57.5 

51.7 

2 

51.8 

50.7 

51.5 

44.4 

3 

45.2 

44.2 

44.8 

36.8 

3 

J=10'/i 

37.9 

./=10'/t 

36.9 

37.4 

J=7Ut 

6.3436.0 

' 

29.5 

4 

29.7 

28.8 

29.1 

27.9 

20.0 

5 

20.7 

19.9 

20.0 

18.9 

10.2 

63399.5 

5 

5 

10.9 

00.3 

10.2 

63399.7 

/=10V. 

10.1 

63399.4 

J  =  10V* 
09.1 

63398.5 

v(Pll)»aI  1 

87.9 

5 

63388.9 

J  =  15Vi 
88.3 

87.9 

87.0 

' 

83.0 

0 

•/=10V.  1 

63383.8  ' 

76.3 

5 

63376.7 

76.0 

75.6 

74.8 

70.1 

0 

70.6  j  v(B„W. 

63.3 

6d 

J=17V* 

63.7 

63.1 

62.5 

61.7 

J=2V*  63863.0 

'  Ji=3V*  63.4 

j  J=4'/*  63.3 

57.3 

1 

.56.7  ' 

48.1 

5 

49.2 

48.5 

47.8 

42.5 

2 

r/=3'/.  i 

41.9'  42.3  I 

33.8 

4 

34.9 

lj=16Vi 

33.8 

y=i6v, 

33.1 

J=5V»  i^=7V. 

33.1  1  33.8 

27.0 

4 

J  =  WI,  J=6V» 

26.4  1  27.1  27.3 

1  19.1 


20.0  19.8 


19.4 


5 
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.8.  Rotational  Analysis  of  {B'—B^JTr)  System 

In  the  emission  spectrum  of  flowing  NO  fourteen  bands  appearing  between 
5500  A  and  8000  A  have  been  assigned  to  {B'—B'TTr)  system  as  a  result  of  vib¬ 
rational  analysis**).  Among  them  the  bands  assigned  to  (0—0)  and  (3—4)  show 
their  rotational  structure  fairly  well  without  the  possibility  of  overlapping  rota¬ 
tional  lines  of  other  bands.  Rotational  analyses  of  these  6880  A  and  7150  A  bands 
have  been  tried.  The  spectrum  was  photographed  by  a  glass  spectrograph  compos¬ 
ed  of  three  60°  prisms  of  6  cm  base  and  a  camera  lens  of  50  cm  focal  length. 
Although  the  dispersion  is  insufficient  (65  A/mm  for  7000  A)  for  normal  rotational 
analysis,  by  the  same  method  as  that  described  in  section  2  rotational  constants 
and  band  origins  were  obtained,  which  justify  the  result  of  vibrational  assign¬ 
ment.  It  should  be  mentioned  that  there  is  one  point  different  from  section  2. 
Because  the  lower  state  of  this  system,  B*n,  belongs  to  quite  an  intermediate 
state  between  case  a  and  b,  the  rotational  terms  cannot  be  approximated  by  either 
equation  (2)  or  (3),  but  can  be  expressed  only  by  rigorous  Hill-Van  Vleck  formula 
(eq.  (7)  in  Appendix).  Therefore  the  wave  numbers  calculated  by  the  equations 


Table  4.  {B’—B)  system;  (0-0)  band 
B'= 1.321,  vo,o<‘)= 14548.  W*)=  14516 


J 

Int. 

^(72u)*««- 

10'/, 

14585 

14586 

ll*/l 

92 

2 

93 

12'/« 

99 

3 

14601 

14600 

13'/, 

14607 

3 

08 

07 

14'/, 

16 

3 

17 

16 

15'/, 

24 

3 

25 

24 

16'/, 

33 

3 

34 

33 

17*/, 

44 

3 

44 

43 

18'/, 

3 

54 

53 

Heads:  Violet  shade. 


v»»#. 

Int.  j 

Vm|. 

Reference 

14492 

'  1 

14492 

./=10'/,  and  11'/,  of  P,, 

14511 

3* 

512 

•7=4'/,  of  Pta  forms  a  head,  followed  by  clouded 
lines  of  ^=2*/,,  3'/„  5'/,~9'/,  of  Pn  and  J-2'/, 
~8'/,  of  Qti 

14530 

1 

529 

J=6*/,  of  P„ 

431 

49f 

1 

i 

543 

J=3^la  and  4'/,  of  P,i  form  a  head,  followed  by 
clouded  lines  of  j=2'/,,  5'/,->'8'/,  of  Pn  and  J 
=5'/,-8'/,  of  Qi, 
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(3)  have  a  tendency  to  shift  from  the  actual  values  as  J  increases,  and  it  is  im¬ 
possible  to  get  reasonable  numbering  of  /  for  any  value  of  B’  in  order  to  explain 
the  observed  wave  numbers  of  four  heads  and  lines  well  separated  only  for  fairly 
high  J.  As  for  the  rotational  term  values  of  *;=0  level  of  B*/7,  the  difference 
between  the  value  calculated  by  the  empirical  formula  of  Jenkins,  Barton  and 
Mulliken  and  that  obtained  by  the  formula  F(/)=Bo,i.eff/(/+l)  with  Bo,i,eff=- 
1.070  amounts  to  7.6cm"*  for  /=20V».  The  difference  obtained  in  this  way 
has  been  added  as  the  correction  for  the  values  calculated  by  equations  (3).  The 
wave  numbers  thus  obtained  using  B'  =  1.321,  A'  =  — 2,  vo,o^*^  =  14548,  i'o.o^*^  =  14516 
agree  with  the  observed  ones  within  the  experimental  error,  which  can  be  re¬ 
cognized  in  Table  4.  and  vo,o^*^  mean  the  wave  numbers  between  the  mid 

point  of  rotationless  states  of  v=0  levels  of  and  and  the  rotationless 

state  of  t;=0  levels  of  B^TIx/t  and  B'lli/i  respectively. 

With  reference  to  the  observed  values  of  ^(4—3)  and  0(4—2)  of  Schmid**^  the 
most  reasonable  constants  to  explain  the  structure  of  (3—4)  band  of  (B'—B) 
system  are  determined  to  be  B'  =  1.263,  A'=— 2,  i'3,4(*J  =  13999  and  13963. 


Table  5.  (B'-B)  system;  (3-4)  band 
B'  =  1.263,  V3,4(*>= 13999,  V3,4(*>«=  13963 


J 

Vo6*. 

Int. 

v(Q«)oar 

v(i?ii)«ol- 

16Vi 

'  14087 

3 

14086 

17Vt 

% 

3 

14095 

14095 

18V. 

14106 

4 

14105 

14105 

19V, 

16 

4 

16 

15 

20V. 

27 

4 

27 

26 

21V. 

39 

4 

38 

38 

22V. 

51 

4 

.50 

.50 

23V. 

63 

4 

63 

62 

24'/. 

,75 

3 

75 

25'/. 

87 

87 

Heads;  Violet  shade. 


Int. 

'■  Voaj. 

Reference 

13943 

1  >  1 

i:i943 

J-=6'/,  and  J=7i/2  of  Pn 

139561 

64f 

56 

J=3^li  of  Pn  forms  a  head,  followed  by  clouded 
lines  of  J=2'/,,  4'/,~8‘/,  of  P„  and  .7=2'/.- 8'/, 
of  Qm 

13981 

!  1 

81 

/  =  7V,  of  Pn 

951 

14012) 

4„ 

i 

1  95 

of  Pil  forms  a  head, 

1  lines  of  J=2‘/,,  4'/.~llV, 

1 

followed  by  clouded 
and  ./=5'/.~ll'/,  of 
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The  meanings  of  and  are  the  same  as  those  of  and  above 
described,  except  that  the  vibrational  quantum  number  v  is  3  in  the  upper  state 
instead  of  zero  and  that  of  lower  state  is  4  instead  of  zero.  Calculated  values 
are  compared  with  observed  ones  in  table  5. 

The  difference  between  and  above  derived  should  be  equal  to  the 
doublet  splitting  of  r*=0  level  of  B*II.  Actually  it  agrees  well  with  32.6  cm"‘ 
which  is  the  difference  of  the  height  between  the  origins  t>=0  level  of 
and  calculated  using  the  constants  given  in  the  Appendix.  However  con¬ 

cerning  the  doublet  splitting  of  v=\  level  of  JB* 77 the  calculated  value,  38.15  cm"*, 
by  the  use  of  the  constants  mentioned  above  exceeds  the  difference  between  vs,4(*> 
and  v,,4<*>,  i.  e.  36cm"‘,  beyond  the  experimental  error  in  relative  position.  It 
might  be  supposed  that  the  level  of  f=4  of  B*n  cannot  be  expressed  in  terms 
of  the  constants  suitable  to  the  levels  of  i;= 0,1,2  and  3. 


4.  Discussion 


The  analyses  above  mentioned  show  that  the  upper  state  of  ^'-system  is  an 


Upper  Fig.  1.  $'(3-0)  in  the  far  ultraviolet  absorption. 

Lower  Fig.  2.  (0-0)  and  (3-4)  band  of  (B'-B)  system  in  the  near 
infrared  emission. 


P'(3-o) 
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inverted  with  coupling  constant  A^—2,  and  the  constants  obtained  by  Mies- 
cher‘)  can  be  applied  to  the  vibrational  levels  of  v'=0. 1  and  3.  The  values, 
49479  cm"‘  and  49390  cm“‘,  obtained  by  subtracting  and  of  (3—4)  band 
of  (B'—B)  system  from  the  and  of  $'(3—0)  band  respectively,  should 
be  equal  to  and  of  B*n.  Actually,  however,  these  values  are  com¬ 
paratively  less  than  that  calculated  by  the  constants  obtained  in  the  Appendix, 
i.  e.  49487  cm"*  and  49401  cm"*,  and  the  difference  between  them  surely  exceeds 
the  experimental  error.  When  and  estimated  from  Schmed’s**> 

observed  values  of  $(4—3)  band,  and  the  height^>  of  v=3  levels  of  X}/T  are  adopted 
the  V4,/*>  and  V4,i^*)  of  B*IT  should  be  49482  cm"*  and  49390  cm"*,  which  agree 
fairly  well  with  the  observed  ones.  But  from  the  measured  values  of  $(4—2) 
band  of  Schmid**^  and  the  height*^  of  v=2  levels  of  X*n,  V4,*(*>  and  V4./*^  should 
be  49486  and  49397  cm"*,  which  are  about  7  cm"*  greater  than  the  present  estima¬ 
tion.  The  accurate  rotational  analysis  for  bands  of  ^-system  relating  to  the  levels 
of  v'^4  is  desired  in  this  respect  and  it  might  also  serve  to  show  how  the  B*n 
state  is  perturbed. 


5.  Appendix 

In  the  analysis  of  (B'*Ji—B*nr)  system  above  mentioned  it  has  been  neces¬ 
sary  to  examine  the  constants  of  B*n  following  the  reports  on  rotational  structure 
of  the  ^-system,  because  some  discrepancies  have  arisen  when  the  constants  ik>w 
generally  used  were  adopted.  As  a  result  of  this  examination  it  has  been  revealed 
that  although  the  measurement  by  Jenkins,  Barton  and  Mulliken  has  marvelous 
accuracy,  their  exact  eminrical  formulas  have  made  the  values  of  v«,o<*>  and 
of  B*n  too  high,  because  the  0-bands  observed  by  them  are  limited  to  the  bands 
which  are  connected  only  with  the  levels  of  v"^4  of  X*n.  Recently  the  height 
of  the  levels  of  i;" =0,1,2  and  3^  of  X*n  have  been  precisely  determined  by  the 
analyses  of  fundamental  and  overtone  bands*>'*>.  Together  with  these  new  values 
the  data  reported  by  Jenkins,  Barton  and  Mulliken  were  rearranged  in  the  usual 
formula  of  recent  spectroscopy.  The  vibrational  and  rotational  constants  and  the 
height  of  B*n  expressed  in  the  notations  now  generally  used  were  accurately 
determined. 

The  rotational  terms  were  represented  in  the  following  equation  by  Jenkins, 
Barton  and  Mullken, 

fXy)=  -Btf* +Eh*+Aj+ Bj'+Cp + Dj*  j=J+ 1/2 

tf=l/2  for  */7i/i  and  tf=3/2  for  *778/*  (4) 


and  the  band  origin  is  considered  to  be  the  position  of  y=0  and  0=0.  Therefore 
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the  origin  considered  to  be  the  height  of  /=0  and  0=0  in  the  following  formula 

F(y)=-fiO»+B/(7+l)-DA/+l)*  (5) 

is  a  little  lower  than  the  former,  but  this  difference  is  in  the  region  of  experimental 
error  and  negligible  especially  when  the  values  are  adopted  to  estimate 
vibrational  constants.  Consequently  the  observed  band  origins  by  Jenkins,  Barton 
and  Mullikens  themselves  are  here  used. 

The  vibrational  formula  of  X>n  obtained  by  the  measurement  in  the  in- 
frared*>'‘^  explains  well  the  observed  values  of  Jenkins,  Barton  and  Mulliken*>  to 
the  height  of  t>=ll  level  of  X^ITui  and  t>=10  level  of  If  the  lower  state 

of  ^-system  is  assumed  to  be  expressed  in  these  formulas,  the  values  of 
and  should  be  45,482.69  cm"*  and  45,390.75  cm"*  respectively,  which  are 

about  3-^4  cm"*  less  than  the  values  now  generally  used. 

As  a  result  of  the  least  square  method  to  determine  the  constants  most 
suitable  to  the  levels  of  X*n  from  v=0  up  to  »=16  the  next  two  equations  are 
obtained. 


G,(t;)= 1 ,903.9736(t;-f  l/2)-13.9355(t;-f  l/2)*-0.013177(r-f  1/2)* 
+0.001409(1;+ l/2)«-0.000053(t;+l/2)» 

G,(i;)=  l,903.4005(t;+ l/2)-13.8292(i;+  l/2)*-0.028299(t;+ 1/2)» 
+  0.002283(1;+  l/2)*-0.000071(t;+ 1/2)* 


Table  6. 

Frequencies  of  band  origins 


Band 

Voftf. 

VgaJ. 

o-c 

Band 

Vo**. 

v«a|. 

o-c 

(0-4) 

38,146.21 

055.59 

38,146.17 

055.62 

-♦-0.04 

-0.03 

(0-10) 

27,980.71 

892.18 

27,980.67 

892.12 

+  0.04 
+  0.04 

(0-5) 

36,382.(X) 

291.68 

36,382.00 

291.72 

±0.00 

-0.04 

(0-11) 

26,384.44 

296.40 

26,384.42 

296.41 

+  0.02 
-0.01 

(0-6) 

34,645.74 

555.77 

34,645.80 

555.82 

-0.06 

-0.05 

(1-11) 

27,406.57 

319.95 

27,406.54 

319.93 

+0.03 
+  0.02 

(1-6) 

35,667.69 

579.24 

35,667.92 

579.34 

-0.23 

-0.10 

(0-12) 

24,816.31 

728.69 

24,816.32 

728.77 

-0.01 

-0.08 

(0-7) 

32,937.54 

847.91 

32,937.56 

847.91 

-0.02 

±0.00 

(1-13) 

24,298.63 

212.95 

24,298.63 

212.96 

±0.00 

-0.01 

(0-8) 

31,257.27 

168.04 

31.257.28 

168.00 

-0.01 

-1-0.04 

(2-13) 

25,306.41 

222.10 

25,306.42 

222.13 

-0.01 

-0.03 

(3-8) 

34,281.14 

196.07 

34,281.15 

196.01 

-0.01 

-0.05 

i  (2-14) 

23,795.05 

711.28 

23,795.06 

711.27 

±0.00 
+  0.01 

(0-9) 

29,604.99 

516.10 

29,604.97 

516.09 

+  0.02 
+0.01 

(2-15) 

22,312.40 

229.13 

22,312.39 

229.14 

+0.01 

-0.01 

(2-9) 

31,634.78 

548.80 

31,634.88 

548.78 

-0.10 

+0.02 

(3-16) 

11 

21,852.65 

771.36 

21,852.65 

771.36 

±0.00 

±0.00 
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and  should  be  45,482.64  cm"*  and  45,3iK).87  cm"*  respectively, 

according  to  the  observed  values  of  the  ^-system  and  the  height  of  each  vibra¬ 
tional  level  of  X^II  calculated  by  the  above  formulas. 

The  vibrational  formulas  of  are  estimated  as  follows: 

G,(t;) = 1 ,036.929(t;+ 1/2)- 7.5399(1; +1/2)*+ 0.0833(1; -f  1/2)* 

G,(i;)=  1 ,038.349(i;+l/2)-7.5499(t;+ 1/2)»+ 0.083^1;+ 1/2)» 

When  these  new  constants  are  adopted  to  calculate  band  origins  of  the  ^-system 
the  observed  and  calculated  values  are  in  agreement  exactly  within  the  experi¬ 
mental  error,  which  can  be  recognized  in  Table  6. 

According  to  the  constants  now  derived  the  values  of  T,  of  B*Ur  cited  in  the 
table  of  Herzberg'**  are  to  be  45,914.55  cm"*  and  45,492.91  cm"*,  which  have  de¬ 
creased  about  3~4  cm"’.  It  should  be  noted  here  that  the  constants  of  B*/7r  have 
been  derived  from  the  levels  of  i/ :^3  only,  so  have  the  tendency  to  show  higher 
values  for  levels  with  *;'^4  than  can  be  estimated  from  the  observed  heads  of 
^-bands  in  absorption**^. 

Although  equation  (4)  is  quite  convenient  to  estimate  the  actual  height  of 
rotational  terms  the  rotational  constant  is  defined  by  the  following  equations 
for  such  a  state  as  IPTI,  that  is  precisely  an  intermediate  state  between  case  a 
and  b; 

/*',(/) =ZJ4(y-f  l/2)*-yi*-l/2v/4(y+l/2)*+  Y(y-A)A'\-Drr 

therefore 

= 4(  y+  l/2)(2fi,-7Z>„)-  16A(y+ 1/2)* 

Using  the  mean  values  of  fpr  various  vibrational  states  of  Jenkins,  Barton 
and  Mulliken,  the  values  of  (J,Fi+J,F,)/(y+ 1/2)  are  plotted  versus  (y+ 1/2)*,  which 
forms  almost  a  straight  line.  The  value  of  LK  was  first  determined  from  the 
slope  of  this  line,  frmn  whose  intercept  on  the  ordinate  axis  can  be  determined. 
The  value  B,  thus  obtained  is  likely  to  be  0.0002'^0.001  cm"*  greater  than  that 
which  can  be  estimated  by  the  tangent  of  (J*Fi+J,F,)  versus  (y+1/2)  curve  at 
y^O.  Bt  in  Table  7  is  the  average  of  the  former  and  the  latter.  Both  Br  and 
Ih  change  linearly  with  v  and  the  values  oi  B,,a,,  IX  and  are  easily  determined, 
and  are  listed  in  Table  7. 

14)  G.  Herzberg;  Molecular  Spectra  and  Molecular  Structure  I  (1950)  558. 

•  15)  Y.  Tanaka:  Sci.  Pap.  Inst.  Physic.  Chem.  Res.  (Tokyo)  43  (1948)  28. 
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Table  7. 

Rotational  Constants  of  B^TIr- 


V 

B, 

j  Dr  X  10* 

0  1 

1  1.1178±  0.0005 

5.0±0.3 

B«  =  1.1245 

1 

1  1.1046  ±0.0005 

5. 3*0.3 

*=0.0132 

2 

1.0915±0.0005 

5.6*0.3 

Be-=4,75xl0-* 

3 

1.0791*0.0005 

6. 0*0.3 

A,  =  1.3xl0-* 

Table  8 

Rotational  Constants  of  X^TIr 


V  ! 

Br 

D.xlO* 

Reference 

0 

1.6958*0.0005 

4. 8*0. 2 

G.  E.») 

1 

1.6770*0.0005 

3.0*0. 5 

G.  E.») 

2  j 

1.6605*0.0005 

5. 2*0. 5 

1  N.  H.  N.O 

3 

1.6410*0.0005 

4. 1*0. 5 

N.  H.  N.<) 

4  1 

1.6250*0.0005 

4. 8*0.5 

J.  B.  M.*) 

5  , 

1.6095*0.0003 

5.7*0.5 

J.  B.  M.*) 

6  ‘ 

1.5893*0.0003 

4. 3*0.3 

J.  B.  M.*) 

7  1 

1.5725  *  0.00025 

6. 5*0.2 

J.  B.  M.*) 

8 

1.5544*0.0002 

5. 3*0.2 

J.  B.  M.*) 

9 

1.5372  *  0.0002 

6.6*0.2 

J.  B.  M.*) 

10 

1.5189*0.0002 

6. 1*0.2 

J.  B.  M.*) 

11 

1.5007  *0.0002 

7. 2*0. 2 

J.  B,  M.*) 

12 

1.4830*0.0002 

8. 5*0.3 

!  J.  B.  M.*) 

13 

1.4638*0.0002 

6. 5*0.3 

J.  B.  M.*) 

14 

1.4450  *  0.0002 

6. 0*0.3 

J.  B.  M.*) 

15 

1.4280*0.0002 

I  8. 5*0. 5 

J.  B.  M.*) 

16 

1.4077  *  0.0002 

1  7. 2*0.4 

J.  B.  M.*) 

Concerning  the  curve  pf  versus  J  shows  that  this  state  has  also 

some  character  of  case  b.  Then  the  values  of  B,  and  D,  were  derived  by  the 
same  method  described  above.  In  Table  8  are  listed  the  rotational  constants  of 
X^TIr  and  in  the  fourth  column  the  reference  shows  the  data  used.  versus  v 
are  plotted  in  Fig.  3,  which  shows  they  are  on  a  straight  line  up  to  about  t>=ll 
and  B<s=1.7042  and  a!(=0.0177  can  easily  be  derived.  In  Fig.  4  the  LK  values  versus 
V  are  plotted,  which  seems  to  agree  with  what  Nichols,  Hause  and  Noble*)  sug¬ 
gested  from  the  data  obtained  from  the  levels  of  t>=0, 1, 2  and  3,  namely  D,  does 
not  change  linearly  with  v,  and  D,  and  in  the  equation  Dt=IX+fie(v+l/2) 

would  have  little  meaning*),  although  it  can  be  noticed  that  actual  IXs  scatter  on 
both  sides  along  the  line  D,=3.7xl0"*-f2.7x  1/2). 
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